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for  techniques  which  would  allow  the  achievement  of  very  long  relaxation 
times.  By  using  a solid  11(2)  wall  coating  in  a 1-cm  diameter  cell,  a 
relaxation  time  in  excess  of  five  days  was  obtained.  Fabrication  of  all 
internal  components  of  the  prototype  electron/positron  thermal izer  was 
completed  during  the  past  contract  year.  The  central  apparatus  was 
assembled  and  wired.  A laboratory  was  equipped,  necessary  cyrogenic  and 
vacuum  equipment  was  constructed,  and  preparations  were  made  for  low 
temperature  runs  of  the  thermalizer  prototype  during  the  1976-77  contract 
year. 
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I.  INTRODUCTION 

During  the  past  contract  year  important  new  results  have  been  ob- 

3 

tained  in  the  surface  shielding  experiment  and  in  the  polarized  He  experi- 
ment. In  this  period  the  temperature  transition  in  the  anomalous  surface 
shielding  effect  was  discovered  and  investigated^  A complete  report/thesis 
was  written  covering  all  the  shielding  effect  work  to  date.  In  the  polar- 
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ized  He  experiment  measurements  were  made  of  the  longitudinal  nuclear 

3 4 

relaxation  times  of  dilute  mixtures  of  polarized  He  in  liquid  He  (molar 

-3 

concentrations  of  7 x lo  ) at  4.2  K in  magnetic  fields  between  36  pG  and 
2 mG  in  order  to  search  for  techniques  which  would  allow  the  achievement 
of  very  long  relaxation  times.  By  using  a solid  H^  wall  coating  in  a 1-cm 
diameter  cell,  a relaxation  time  in  excess  of  five  days  was  obtained. 

Fabrication  of  all  internal  components  of  the  prototype  electron/ 
positron  thermalizer  was  completed  during  the  past  contract  year.  The 
central  apparatus  was  assembled  and  wired.  A laboratory  was  equipped, 
necessary  cyrogenic  and  vacuum  equipment  was  constructed,  and  preparations 
were  made  for  low  temperature  runs  of  the  thermalizer  prototype  during  the 
1976-77  contract  year. 
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II.  RESEARCH  RESULTS 


A.  Investigation  of  Anomalous  Surface  Shielding  Using  the  Slow 
Electron  Time-of-Flight  Technique 

1 . Background 

Our  work  with  the  anomalous  electrostatic  shielding  effect  grew 
out  of  a series  of  experiments  which  were  performed  in  order  to  search  for  a 
temperature  dependence  in  the  ambient  axial  electrostatic  potential  variations 
inside  a vertical  copper  tube.  A vertical  metal  tube  subject  to  the  gravita- 
tional field  of  the  Earth  is  expected  to  have  spatial  variations  in  electro- 
static potential  along  its  axis  because  of  several  mechanisms  which  cause 
the  walls  of  such  a tube  to  depart  from  the  normal  uniform  charge  distribution 
found  in  a single  metallic  crystal  not  in  a gravitational  field.  One  mechanism 
results  from  the  fact  that  a macroscopic  metal  tube  is  composed  of  very  many 
small  crystals  which,  because  of  their  differing  work  functions,  develop  con- 
tact potential  differences  from  one  crystal  to  the  next  in  order  to  achieve 
a single  electrochemical  potential  throughout  the  entire  metal.  The  presence 
of  the  Earth's  gravitational  field  produces  two  effects.  First,  the  center 

of  mass  of  the  conduction  electrons  in  the  walls  of  the  tube  is  shifted  down- 
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ward  a small  but  finite  amount  (approximately  10  m) , resulting  in  a dowTi- 

ward  electric  field  in  the  metal  of  mg/e.  This  field  must  exist  in  the  metal 

if  the  conduction  electrons  are  to  be  in  equilibrium  in  the  presence  of  a 

downward  gravitational  field  of  magnitude  g.  The  existence  of  this  field 

2 

was  first  predicted  by  Schiff  and  Barnhill  in  1966.  Second,  gravity  causes 
a differential  compression  of  the  ionic  lattice  of  the  walls.  The  metallic 
electrons  redistribute  in  an  effort  to  maintain  charge  neutrality  throughout 
the  metal;  however,  the  cancellation  of  the  large  field  resulting  from  the 
positive  charge  density  gradient  is  not  complete  because  of  the  finite  com- 
pressibility of  the  electron  gas  (we  are  using  a very  simple  model  of  the 
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metal;  however,  the  conclusions  are  correct).  The  result  is  an  upward  electric 

field  in  the  metal  of  magnitude  roughly  Mg/e  where  M is  the  ion  mass.  The 

existence  of  a field  of  approximately  the  same  value  outside  the  surface  of 

the  metal  was  first  predicted  in  1967  by  Dessler,  Michel,  Rorschach,  and 
3 

Trammel . 

Interest  in  the  nature  of  the  ambient  electrostatic  potential 

variations  along  the  axis  of  a copper  tube  was  stimulated  by  the  1967  experi- 

4 

ment  of  Witteborn  and  Fairbank  (described  in  Appendix  A2)  which  measured 
the  force  of  gravity  on  a single  electron  by  means  of  a time-of-flight 
technique.  Two  aspects  of  the  results  of  that  experiment  did  not  agree  with 
the  theoretical  predictions  concerning  the  ambient  potential  variations  to 
be  found  along  the  axis  of  the  copper  tube  employed  as  an  electrostatic 
shield  in  the  time-of-flight  measurements.  First,  it  proved  possible  to 
control  the  distribution  of  electron  flight  times  by  the  use  of  applied 
fields  in  the  copper  tube  as  small  as  2.5  x 10  V/m.  In  particular,  it 
was  possible  to  turn  back  the  slowest  electrons  in  the  beam  by  applying 
these  very  small  fields.  Such  a result  is  not  compatible  with  the  expected 
patch  effect  potential  fluctuations,  which  on  the  most  straightforward  model 
can  have  RMS  values  as  large  as  10  ^ V or  so.  We  have  shown  that  any  elec- 
trons which  could  pass  through  a region  having  potential  fluctuations  of 
this  size  would  have  their  flight  times  modified  only  infinitesimally  by 
a field  of  2.5  x 10  V/m  applied  over  a 1-m  flight  path.  Specifically, 
the  applied  field  would  not  be  able  to  turn  back  such  electrons.  Second, 

the  electron  gravity  measurement  indicated  that  the  only  forces  larger  than 
-12 

5 X 10  eV/m  acting  on  an  electron  traveling  along  the  axis  of  the  copper 
tube  were  gravity  and  a force  due  to  the  field  predicted  by  Schiff  and  Barn- 

-7 

hill.  The  10  eV/m  force  predicted  on  the  basis  of  the  ion  lattice  dis- 
tortion was  not  observed, 
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Considerable  controversy  arose  concerning  the  proper  reconcilia- 
tion of  the  results  of  the  Witteborn-Fairbank  experiment  with  the  theoretical 
predictions  about  the  ambient  potential  fluctuations  inside  the  shielding 
tube.  Other  workers  conducted  a variety  of  experiments  to  search  for  the 
existence  of  a lattice  distortion  field  both  inside  and  just  outside  a metal 
subject  to  a compression  gradient.  These  experiments  verified  the  order  of 
magnitude  predictions  of  the  theory.  It  must  be  pointed  out  however  that 
these  experiments  were  conducted  under  conditions  quite  different  from  those 
of  the  Witteborn-Fairbank  experiment.  One  of  the  more  obvious  differences 
is  the  temperature;  Witteborn  and  Fairbank  worked  at  4.2°K  in  order  to  make 
use  of  superconducting  magnets  and  circuitry  while  all  other  experiments  to 

date  which  look  at  the  lattice  distortion  field  outside  a metal  have  been 

4,5  6,7 

done  at  room  temperature.  Witteborn  and  Fairbank,  among  others, 

SI'  ''sted  that  a surface  shielding  effect  occurring  at  low  temperatures  might 
•hielded  the  interior  of  the  copper  tube  from  fields  arising  in  the 
is  of  the  tube.  Assuming  that  the  charge  responsible  for  the  surface 
shielding  is  provided  by  electrons  in  a layer  which  is  decoupled  from  both 
the  strain  gradient  and  the  electron  distribution  present  in  the  tube  walls, 
the  patch  effect  and  lattice  distortion  fields  would  not  appear  along  the 
tube  axis,  while  the  .Schiff -Barnhill  field  produced  by  the  surface  electrons 
would  be  present.  This  situation  would  agree  completely  with  the  results 
of  the  Witteborn-Fairbank  experiment. 

If  a surface  shielding  effect  of  the  type  described  exists  at 
4.2°K,  it  presumably  does  not  exist  at  room  temperature  since  there  was  no 
evidence  of  its  presence  in  the  room  temperature  experiments  which  studied 
the  lattice  distortion  field;  it  would  thus  be  a temperature-dependent 
shielding  effect.  We  felt  that  by  conducting  electron  time-of-flight 
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experiments  at  temperatures  from  4.2°  K to  room  temperature  we  could  deter- 
mine whether  or  not  such  a temperature-dependent  shielding  effect  exists 
and  if  so,  the  range  of  temperatures  over  which  it  is  operative. 

The  initial  phase  of  our  search  for  a temperature-dependent 
surface  shielding  effect  consisted  of  using  a modified  version  of  the  Witte 
born-Fairbank  apparatus  in  an  attempt  to  determine  the  room  temperature  am- 
bient potential  fluctuations  in  the  copper  tube.  This  work  was  followed 
by  a similar  measurement  at  LN^  temperature.  These  measurements  indicated 
that  any  onset  of  anomalous  surface  shielding  would  occur  below  LN^  tempera 
ture.  After  conducting  a 4.2°  K run  to  verify  the  existence  of  the  shield- 
ing effect  at  that  temperature  we  made  a quick  check  on  the  ambient  field 
present  at  a temperature  of  about  20°  K;  these  runs  indicated  that  the 
transition  to  the  anomalous  surface  shielding  condition  must  occur  between 
4.2°  K and  20°  K.  In  order  to  search  for  the  transition,  we  then  designed 
a low-power  drift  tube  heating  and  temperature  monitor  system  which  would 
make  possible  experiments  in  which  the  drift  tube  operated  at  temperatures 
from  4.2°  K up  to  30-40°  K while  the  other  components  of  the  apparatus  re- 
mained at  4.2°  K.  This  mode  of  operation  has  the  great  advantage  of  per- 
mitting the  use  of  superconducting  magnets  and  circuitry  as  well  as  cryo- 

4 

pumping.  The  ability  to  use  these  techniques  results  in  a factor  of  10 
improvement  in  sensitivity  over  the  version  of  the  apparatus  employed  at 
300°  K and  77°  K thus  allowing  a sensitivity  in  the  temperature  range 
from  4.2°  K to  30°  K equal  to  the  sensitivity  achieved  at  4.2°  K in  the 
original  electron  free  fall  work. 

2.  Progress  During  the  Report  Period 

From  October  1975  through  January  1976  the  drift  tube  heat- 
ing and  temperature  monitor  system  was  installed  and  a low  temperature  run 


was  conducted.  The  sensitivity  achieved  in  this  run  allowed  a rather 
clearcut  determination  of  the  ambient  electric  field  present  in  the  tube 
at  several  temperatures  from  4.2°  K to  11°  K.  The  data  from  this  run 
were  analyzed  and  a Ph.D.  thesis/report  was  written  from  February  through 
July  of  1976. 

The  results  of  the  heated  drift  tube  work  are  summarized 
in  Fig.  A1  along  with  the  earlier  results  at  300°  K and  77°  K and  are 
shown  in  an  expanded  view  in  Fig.  A2.  Note  particularly  in  the  figures 
that  the  ambient  force  appears  to  increase  by  several  orders  of  magnitude 
when  the  temperature  is  increased  from  4.2°  K to  4.5°  K.  These  results, 
coupled  with  the  results  of  the  original  electron  free  fall  experiment 
and  the  room  temperature  results  of  various  experiments,  indicate  that 
there  is  a surface  shielding  effect  at  4.2°  K;  the  effect  is  greatly 
weakened  when  the  temperature  of  the  tube  is  increased  by  only  0.2°  K 
and  is  either  non-existent  or  else  extremely  small  above  6°  K.  The  am- 
bient electric  field  observed  in  the  tube  above  6°  K is  in  good  agreement 
with  the  predictions  of  Dossier,  Michel,  Rorschach,  and  Trammel  for  the 
magnitude  of  the  lattice  distortion  field.  It  seems  that  the  patch  effect 
fluctuations  are  somewhat  smaller  than  expected  on  the  basis  of  commonly 
accepted  models,  although  patch  effect  fluctuations  may  contribute  to  the 
total  ambient  field  seen  in  the  drift  tube  above  6°  K.  The  details  of 
this  work  are  described  in  the  Ph.D.  thesis  of  James  M.  Lockhart,  which 
is  enclosed  as  a part  of  this  progress  report.  The  work  also  led  to  a 
publication  in  Physical  Review  Letters  during  the  present  contract  year; 

copies  of  that  paper  are  also  enclosed  (Appendix  Al) . ] 

The  heated  drift  tube  experiments  have  proven  to  be  extremely 


(UJ/A)  Q13U  1N3ISIMV 


Figure  A2.  An  expanded  view  of  the  low-temperature  results.  The  two 
sets  of  points  are  obtained  using  different  analysis  techniques,  as  d 
scribed  in  the  text. 
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important  to  the  study  of  the  shielding  effect  since  they  established 
the  temperature  region  in  which  the  shielding  effect  disappears.  How- 
ever, the  strongest  evidence  for  the  existence  of  the  effect  at  4.2°  K 
is  provided  by  the  very  accurate  determination  of  the  ambient  electric 
field  in  the  tube  obtained  in  the  electron  free-fall  experiment.  We  pre- 
sent in  Figure  A3  a summary  of  the  results  of  that  experiment,  which  shows 
that  the  net  force  on  an  electron  traveling  through  the  tube  is  equal  to 
the  applied  force  for  applied  force  values  ranging  over  three  orders  of 
magnitude.  The  solid  line  is  a least  square  fit  to  the  experimental  data; 

it  indicates  that  the  net  potential  gradient  in  the  tube  with  no  applied 
-12 

force  is  0 ± 5 X 10  eV/m.  It  seems  that  the  only  reasonable  interpreta- 
tion of  this  result  is  that  the  only  ambient  fields  present  in  the  tube 
are  the  gravitational  field  and  the  Schiff-Barnhill  field  arising  from  a 
surface  electron  layer;  the  surface  electrons  act  to  shield  the  interior 
of  the  tube  from  lattice  distortion  and  patch  effect  fields  arising  in 
the  walls  of  the  tube.  Because  of  the  renewed  interest  in  this  earlier 
work  generated  by  the  new  results,  some  effort  during  August  and  September 
of  1976  was  devoted  to  the  writing  of  a comprehensive  review  of  the  original 
electron  free  fall  apparatus.  This  work  continued  into  the  present  contract 
year  and  resulted  in  a publication  in  Review  of  Scientific  Instruments 
(enclosed  as  Appendix  A2) . 

Toward  the  end  of  the  1975-1976  contract  year  we  also  began 
an  evaluation  of  theoretical  models  for  the  shielding  mechanism.  The  bulk 
of  this  work  was  performed  during  the  1976-77  contract  year  and  will  be 
described  in  the  next  interim  report. 

In  August  and  September  of  1976  we  also  began  designing 
apparatus  modifications  for  a new  low  temperature  run  in  which  shielding 
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MEASURED  NET  POTENTIAL  ENERGY  GRADIENT 

(eV/METER) 


effect  measurements  would  be  taken  at  temperatures  both  lower  and  more 
closely  spaced  than  in  the  previous  work.  Such  runs  are  now  in  progress 
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B . Electron/Positron  Thermal izer  and  Photon  Counting  Detector 
1 . Background 

We  have  designed  a thermal izer  system  which  accepts  a beam  of 

electrons  or  positrons  having  an  energy  spread  of  1 eV  or  so  and  uses  eddy 

current  losses  and  resonant  energy  exchange  to  thermalize  the  beam  to  4°K. 

-2  -3 

Adiabatic  expansion  to  10  - 10  °K  is  then  employed  to  reduce  the  beam 

energy  to  10  ^ eV.  When  used  with  electrons,  this  system  can  be  configured 
to  serve  either  as  an  improved  electron  source  for  the  time-of-flight  studies 
or  as  a photon  counting  detector  operating  in  the  millimeter  wave  region. 

When  used  with  low  energy  positrons  obtained  from  the  channeled  polyethelyne 

g 

absorber  system  previously  developed  in  this  laboratory,  the  thermal izer 
can  provide  a source  of  10  ^ eV  positrons  for  the  time-of-flight  experiments. 
Thermal izat ion  is  carried  out  with  the  particles  in  a very  high  vacuum  so 
that  annihilation  losses  are  negligible. 

Since  the  two  different  configurations  of  the  thermal izer 
employ  the  same  principles  of  operation,  knowledge  gained  from  tests  of 
either  version  is  immediately  applicable  to  the  other  version.  Since  the 
photon  counter  configuration  is  the  simpler  of  the  two,  our  strategy  has 
been  to  assemble  that  version  of  the  apparatus  and  conduct  tests  with  it 
in  order  to  optimize  various  device  parameters.  Based  on  the  knowledge 
gained  in  the  current  testing  program,  we  will  proceed  to  assemble  the 
second  version  of  the  thermalizer,  incorporating  any  modifications  these 
tests  may  indicate. 

We  describe  below  first  the  operation  of  the  photon  counter 
and  second  the  operation  of  the  positron  source.  A positron  source  can  be 
converted  to  an  electron  source  by  changing  the  input  stage  and  reversing 
the  bias  potentials. 
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a)  Photon  Counting  Millimeter  Wave  Detector 


Description  of  Operation:  Operation  of  the  detector  is  based 
on  the  interaction  of  the  incident  radiation  with  a distribution  of  low 
energy  electrons  trapped  in  a solenoidal  magnetic  field.  The  electrons 
are  in  the  magnetic  ground  state  and  the  maximum  kinetic  energy  is  main- 
tained below  ho).  If  the  radiation  is  in  the  neighborhood  of  the  cyclo- 
tron frequency  it  can  excite  the  n=0  ^ n=l  transition  and  the  excited 
electron  will  escape  the  trap  and  be  counted. 

A schematic  of  the  source  is  shown  in  Figure  1.  As  a first 
approximation,  the  electrons  are  constrained  to  move  along  the  magnetic 
field  lines.  Control  of  the  electron  distribution  is  accomplished  by 
potentials  applied  to  the  cylindrical  electrodes  surrounding  the  electron 
distribution. 

All  elements  of  the  detector  except  the  energy  analyzer, 
part  of  the  transfer  gate  and  the  surface  barrier  detector  as  located 
inside  the  main  solenoid  whose  field  determines  the  frequency  of 
operation.  A field  of  25  kOe  is  required  at  4 mm  and  100  KOe  at  1.0  mm. 
Interaction  of  the  radiation  and  the  electrons  occurs  inside  a high 
Q mode  cavity.  The  cavity  is  tunable  through  mechanical  motion 

of  the  end  plates. 

The  energy  analyzer  and  surface  barrier  detector  are  located 
in  a field  one  tenth  the  strength  of  the  main  field.  The  potential  of 
the  energy  analyzer  is  set  just  high  enough  to  reflect  the  n=0  electrons 
in  the  trapped  distribution.  The  n=l  electrons  which  have  absorbed  a 
photon  from  the  radiation  field  acquire  a kinetic  energy  equal  to  0.9  hw 
in  the  transition  from  the  strong  to  the  weak  field.  These  electrons 
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pass  through  the  energy  analyzer,  are  accelerated  to  6 leV  and  counted 
in  the  surface  barrier  detector. 

Operation  of  this  detector  can  be  described  as  occurring  in 
five  sequential  stages.  The  first  three  stages  (injection,  thermal iza- 
tion,  and  transfer)  serve  to  generat  a reservoir  of  low  energy  electrons. 
Electrons  are  exposed  to  the  incident  radiation  and  counted  in  stages  4 
and  5 (count  and  dump) . 

In  the  injection  stage  the  input  gate  is  lowered  so  as  to 
permit  entry  of  a low  current  electron  beam  from  a thin  film  tunnel 
cathode.  A current  of  10  pA  from  the  cathode  will  result  in  a linear 
density  of  electrons  in  the  trap  of  approximately  10^  cm'^.  The  injec- 
tion gate  is  then  closed  trapping  these  electrons  in  the  section  com- 
prised of  the  thermalizer,  compensator,  cavity  and  rotator. 

The  walls  of  the  thermalizer  are  made  of  a conductive  ceramic. 
In  the  thermalization  cycle  the  trapped  electrons  transfer  their  kinetic 
energy  to  the  charge  carriers  in  the  wall  of  the  tube.  Their  cyclotron 
energy  is  transferred  by  radiation  in  the  cavity  to  the  load  resistor 
Rj^.  The  load  resistor  is  coupled  to  the  microwave  cavity  on  one  arm 
of  a spdt  waveguide  switch.  Calculations  indicate  that  electrons  will 
lose  energy  exponentially  during  the  thermalization  cycle  with  a time 
constant  less  than  10  milliseconds.  The  time  required  to  reach  thermal 
equilibrium  at  4 K is  estimated  to  be  less  than  80  milliseconds. 

In  the  transfer  stage  the  potential  of  the  ceramic  ther- 
malizer is  adiabatically  raised  while  the  potential  of  the  transfer 
gate  is  adiabatically  lowered  while  the  waveguide  switch  transfers  the 
cavity  from  the  load  resistor  to  the  feedline.  At  the  conclusion  of 
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the  transfer  stage  the  trapped  electrons  can  no  longer  exchange  energy 
with  the  bath  via  the  thermalizer  and  the  load  resistor.  The  principal 
mechanism  by  which  the  trapped  electrons  gain  energy  after  transfer  is 
through  irradiation  in  the  microwave  cavity.  Noise  on  the  biasing 
potentials  can  also  transfer  energy  to  the  distribution  but  this  effect 
can  be  reduced  to  negligible  proportions. 

The  fraction  of  the  trapped  electrons  in  the  magnetic  ground 
state  with  kinetic  energy  less  than  hw  depends  on  the  temperature  and 
the  magnetic  field,  e.g.,  the  operating  frequency.  At  4°  and  4 mm  only 
25%  of  the  trapped  electrons  will  have  the  appropriate  energy.  (The 
number  grows  to  90%  at  1 mm.)  All  the  rest  will  have  sufficient  energy 
to  pass  through  the  energy  analyzer  on  their  first  path  through  the 
transfer  gate.  Only  electrons  with  the  appropriate  energy  will  remain 
in  the  trap  at  the  completion  of  the  transfer  cycle. 

Electrons  emerging  from  the  trap  during  transfer  are  not 
counted.  During  the  detection  cycle  the  counting  electronics  are  acti- 
vated and  the  emerging  electrons  are  counted  for  a predetermined  interval 
of  time.  At  the  end  of  the  detection  cycle  the  potential  on  the  energy 
analyzer  is  lowered  to  dump  all  the  remaining  trapped  electrons  (the 
dump  cycle).  The  ratio  of  the  number  of  electrons  ejected  during  the 
detection  cycle  to  the  total  number  of  electrons  in  the  trap  is  a 
measure  of  the  probability  for  a cyclotron  transition.  Knowledge  of 
the  cavity  Q,  the  time  spent  in  the  cavity  and  the  transition  probability, 
permits  a determination  of  the  energy  density  of  the  radiation  in  the 
cavity,  e.g.,  of  the  power  level  of  the  incoming  radiation. 

The  sensitivity  of  the  detector  can  be  adjusted  by  controll- 
ing the  potential  on  the  cavity  relative  to  the  rest  of  the  trap.  This 
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affects  both  the  mean  number  of  electrons  in  the  cavity  and  the  time 
spent  in  the  trap. 

Electron  Stability:  Trapping  lifetimes--from  injection  to 
dump--of  the  order  of  a second  are  required  for  operation  of  the 
detector.  Attainment  of  such  lifetimes  is  not  a trivial  matter  since 
there  are  several  physical  processes  which  can  move  the  electrons  in 
the  trapped  distribution  across  the  magnetic  field  lines  and  into  the 
walls  of  the  trap. 

These  processes  can  arise  from  transverse  electric  fields 
due  to  variations  in  the  work  function  at  the  surface  or  to  uncompen- 
sated charge  accumulations  on  dust  motes  or  insulating  inclusions, 
diffusion  due  to  scattering  from  the  residual  gas,  and  from  deformations 
of  the  magnetic  field  lines. 

The  associated  drift  or  diffusion  rates  vary  as  1/B  or 

2 

1/B  and  so  become  less  of  a problem  as  the  field  is  increased.  Dif- 
fusion due  to  scattering,  in  particular,  ceases  to  be  a problem  at 
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field  strengths  above  25  KOe  and  gas  pressures  below  10  torr.  But 
even  at  100  KOe  the  drift  due  to  transverse  electric  fields  is  a 
serious  problem.  A potential  difference  of  50  pV  across  the  walls 
of  the  trap  will  drive  the  electron  distribution  to  the  walls  in  less 
than  a second  for  a 2 mm  trap  i.d. 

A technique  is  available  for  stabilization  of  the  electron 
distribution  against  transverse  electric  fields  and  B field  curvature. 
The  technique  relies  on  the  observation  that  the  drift  velocity,  con- 
sidered as  a vector  field,  is  fixed  in  position  relative  to  the  walls 
of  the  trap  and  the  guide  solenoid. 


If  the  drift  velocity  assumes  a single  value  when  averaged 
over  the  length  of  the  trap  the  drift  will  average  to  zero  if  the  elec- 
tron distribution  is  rotated  about  the  trap  axis  at  a rate  rapid  in 
comparison  to  the  time  required  to  drift  across  the  trap. 

The  means  of  accomplishing  this  rotation  can  be  built  into 
the  geometry  of  the  electric  field  between  the  electrodes  surrounding 
the  electrons.  This  field  will  always  have  a radial  component  off  axis 
which  will  interact  with  the  axial  magnetic  field  to  induce  a net  rota- 
tion of  the  electron  distribution.  The  electrodes  must  be  designed  to 
insure  that  even  the  slowest  electrons  in  the  distribution  are  rotated 
rapidly  enough  to  guarantee  stability.  Rotation  is  accomplished  in  the 
photon  counter  during  passage  of  the  trapped  electrons  between  the 
cavity  and  the  "rotator"  in  Figure  1. 

If  the  averaged  drift  velocity  has  a gradient,  the  rotation 
of  the  distribution  can  result  either  in  exponential  radial  expansion 
or  contraction  of  the  distribution  depending  on  the  direction  of  the 
gradient.  Stability,  e.g.,  exponential  contraction,  can  be  assured  by 
deliberate  introduction  of  a gradient  with  the  appropriate  direction 
which  is  large  enough  to  dominate  any  pre-existing  gradient. 

A pair  of  strips  parallel  to  the  axis  embedded  in  but  in- 
sulated from  the  wall  of  one  of  the  cylindrical  electrodes  provide  an 
appropriate  means  of  introducing  the  required  gradient.  One  of  the 
strips  is  biased  positive,  the  other  negative  relative  to  the  wall. 

The  strips  are  included  in  the  "compensator"  shown  in  Figure  I. 

Performance  Estimates:  Table  1 lists  the  calculated  quantum 
efficiency  noise  temperature,  and  response  time  of  the  photon  counter 
at  several  wavelengths  between  1 and  4 mm  for  the  specified  values  of 
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TABLE 


cavity  and  electronic  quality  factors.  The  physical  analysis  upon  which 
this  table  is  based  appears  in  appendix  B. 
b)  Positron  Source 

Description  of  Operation:  Analysis  of  t>-pical  TOP  distribu- 
tions in  the  electron  free  fall  experiment  indicates  that  ground  state 
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electrons  of  energy  less  than  10  eV  were  accumulated  at  the  rate  of 
one  every  10-100  seconds.  A somewhat  higher  rate  would  be  desirable 
from  the  standpoint  of  counting  statistics  while  a lower  rate  would 
require  unacceptably  long  running  times.  With  respect  to  the  positron 
source,  the  general  limits  on  intensity  of  one  ground  state  positron 
every  1-100  seconds  with  an  energy  less  than  10  ^ eV  provide  useful 
guidelines  with  respect  to  the  required  source  performance. 

The  intensity  of  natural  3 emitters  fails  to  approach  this 
goal  by  many  orders  of  magnitude.  The  rate  of  emission  of  ground  state 
positrons  in  a 10  KOe  magnetic  field  is  at  most  of  the  order  of 
10  ^ sec  ^ eV  ^ for  a one  curie  Co^^  source.  The  probability  of 
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emission  into  a 10  eV  range  is  therefore  less  than  10  sec 
Focusing  techniques  alone  cannot  improve  the  situation  since  the  phase 
space  density  is  a conserved  quantity  in  a non-dissipative  system. 

The  approach  being  pursued  is  to  capture  a small  number  of 
positrons  in  a stable  trap  and  to  rely  on  dissipative  mechanisms  and 
adiabatic  expansion  to  reduce  their  temperature  to  the  millikelvin 
range.  A high  vacuum  can  be  maintained  in  tlie  trap  so  that  the  anni- 
hilation rate  during  storage  is  negligible.  The  trapped  positrons  can 
be  thermalized  directly  to  4°  or  below  depending  on  the  ambient  tem- 
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perature.  Provided  that  the  trap  is  emptied  adiabatical ly, " the  tem- 
perature of  the  distribution  can  be  reduced  to  the  order  of  10  milli- 
kelvin, i.e.,  to  less  than  10'^  eV. 
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Thermal i zation  to  4°  proceeds  through  three  distinct  pro- 
cesses. Prior  to  capture  in  the  trap,  positrons  from  an  isotope  source 
pass  through  thin  polyethylene  absorber.  Those  positrons  which  come  to 
rest  within  a thousand  angstroms  of  the  exit  side  of  the  absorber  have 
a good  probability  of  diffusing  out  of  the  absorber.  Experimentally, 
the  positrons  emitted  from  the  absorber  are  found  to  have  an  energy 
spread  of  several  eV. 

Thermalization  to  4°  is  carried  out  in  the  vacuum.  The 
positrons  are  constained  (neglecting  ExB  drifts,  etc.)  to  move  along 
the  field  lines  in  a solenoidal  magnetic  field.  Positive  electrostatic 
potentials  at  the  ends  of  the  trap  constain  the  axial  motion  of  the 
particles . 

The  trapped  positrons,  kinetic  and  cyclotron  energy  must 
be  separately  thermalized.  The  mechanism  for  the  reduction  of  the 
kinetic  energy  is  eddy  current  damping  while  the  mechanism  for  the 
cyclotron  states  relies  on  the  enhancement  of  the  radiative  transition 
rate. 

The  positrons  in  the  trap  pass  alternately  along  the  axis 
of  the  tube  with  thick  resistive  walls  and  a microwave  cavity  resonant 
at  the  cyclotron  frequency.  The  image  charge  on  the  walls  of  the  tube 
take  a finite  time  to  rearrange  itself.  The  image  charge  therefore 
fails  to  shield  the  charge  carriers  in  the  walls  if  the  positrons  are 
in  motion.  Penetration  of  the  E field  into  the  walls  results  in  joule 
heating  of  the  tube  and  a concomitant  loss  in  energy  by  the  positrons. 

The  calculated  rate  of  loss  of  energy  is  a function  of 
the  radius  of  the  tube  and  the  resistivity.  For  positrons  of  moderate 
energy  the  rate  of  loss  of  energy  is  proportional  to  the  positron  kinetic 
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energy.  Loss  rates  of  a factor  of  e in  less  than  5 milliseconds  are 
possible  for  1 eV  positrons  in  a 2 mm  diameter  tube. 

By  contrast,  the  cyclotron  motion  of  the  positron  does  not 
require  significant  realignment  of  the  image  charge  distribution  and  is 
not  affected  by  the  presence  of  the  tube.  However,  perturbation  theory 
indicates  that  the  radiative  transition  rate  depends  linearly  on  the 
density  of  final  states  and  the  density  of  states  can  be  increased  by 
orders  of  magnitude  by  enclosing  the  positron  in  a microwave  cavity 
resonant  at  the  cyclotron  frequency.  The  process  can  be  viewed  as  the 
resonant  exchange  of  energy  between  the  electromagnetic  field  in  the 
cavity  and  the  positron's  cyclotron  motion.  With  a cavity  Q = 10^, 
resonant  exchange  results  in  a rate  of  cyclotron  energy  comparable  to 
that  obtainable  for  the  kinetic  energy  using  eddy  current  damping.  If 
the  cavity  is  maintained  at  4°K  and  the  cyclotron  frequency  is  1.5  x 10" 
sec  \ the  bulk  of  the  trapped  positrons  will  end  up  in  the  cyclotron 
ground  state.  One  half  of  these  will  be  in  the  magnetic  ground  state. 

Assuming  a thermal  distribution  and  use  of  adiabatic  expan- 
sion, the  experiment  can  be  performed  using  one  positron  per  pulse. 
Successful  operation  of  the  source  then  depends  on  the  efficiency  with 
which  particles  can  be  captured  from  the  beam  of  positrons  diffusing 
out  of  the  absorber.  The  fundamental  problem  is  that  the  volume  of  the 
trap  is  necessarily  limited  while  the  density  of  positrons  in  the  beam 
is  small.  The  probability  of  capture  in  flight,  as  by  abruptly  lowering 
and  raising  the  trapping  potentials,  is  too  small  to  be  of  practical 
interest . 

Practical  capture  efficiencies  are  predicted  for  a process 
wherein  dissipation  within  tiie  trap  leads  to  capture.  In  the  process 
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the  isotope  and  absorber  are  located  in  a 1 kOe  field  and  the  trap  in 

a 50  kOe  field.  The  absorber  must  be  based  at  a positive  potential 

to  insure  that  positrons  emitted  from  the  absorber  with  high  cyclotron 

energies  can  enter  the  trap.  With  the  appropriate  choice  of  biasing 

potentials,  radiation  of  just  one  photon  by  a positron  within  the  trap 

can  lead  to  capture.  The  calculated  capture  efficiency  for  the  source 
-3 

design  is  10  based  on  a 5 eV  spread  in  cyclotron  and  kinetic  energy 
at  the  absorber. 

2 . Progress  During  the  Report  Period 

During  the  beginning  of  the  contract  period  effort  on  the 
electron/positron  thermalizer  was  focused  on  completing  the  fabrication 
of  all  components  for  the  main  electrode  section  of  the  prototype  thermal- 
izer. Assembly  and  wiring  of  the  main  apparatus  began  in  May  of  1976. 

This  period  also  saw  the  renovation  of  a laboratory  to  accomodate  the 
thermalizer  experiment.  Construction  of  the  necessary  cryogenic  systems 
(dewar.  He  gas  recovery  manifold,  pumps,  transfer  lines,  level  gauge) 
was  begun  in  August  of  1976  and  was  completed  in  October  of  1976.  Con- 
struction of  the  high  vacuum  system  and  the  detector  circuitry  was  also 
begun  in  August  and  was  brought  nearly  to  completion  by  October  1976. 

Low  temperature  runs  with  the  prototype  thermalizer  are  now 
in  progress;  measurements  should  include  an  evaluation  of  the  suitability 
of  the  present  eddy  current  thermalization  section,  determination  of 
maximum  trapping  time,  measurement  of  the  Q of  the  microwave  cavity,  and 
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finally  the  flux  of  electrons  having  energies  < 10  eV.  Since  the  exist- 
ing prototype  has  been  assembled  in  a photon  counting  detector  configura- 
tion, we  also  expect  to  complete  a set  of  experiments  in  which  blackbody 
photons  from  a thermal  source  are  detected  in  the  PCD.  These  measurements 


1 

should  indicate  the  sensitivity  and  noise  temperature  of  the  PCD  and  its 
potential  as  a viable  radiation  detector  for  use  in  such  fields  as  radio 
astronomy.  The  results  of  this  work  will  be  described  in  the  next  interim 
report . 


24  - 


C.  Nuclear  Spin-Lattice  Relaxation  of  Dilute  Mixtures  of  Polarized 
3 4 

He  in  Liquid  He  in  Low  Magnetic  Fields 

1 . Background 

In  order  to  make  a sensitive  measurement  of  the  electric 
3 1 3 

dipole  moment  of  the  He  nucleus  or  to  make  a useful  He  free  precession 
nuclear  gyroscope,  it  is  necessary  to  obtain  very  long  He^  nuclear  relax- 
ation times  in  a virtually  zero  magnetic  field.  In  the  experiment  pro- 

2 

posed  by  Hamilton  and  Fairbank,  sufficiently  long  relaxation  times  were 

3 

to  be  obtained  by  using  a sufficiently  dilute  solution  of  He  in  liquid 

4 

He  . It  is  well  known  that  the  intrinsic  nuclear  relaxation  time  of  a 
monotoraic  liquid  or  gas  (i.e.,  the  relaxation  due  to  the  interaction  be- 
tween the  nuclear  spins  in  the  bulk  of  the  sample)  is  inversely  propor- 

3 

tional  to  the  density  of  the  nuclear  spin. 

It  is  also  well  known,  however,  that  other  nuclear  relaxa- 
tion mechanisms  exist.  In  particular,  the  existence  of  wall-induced  nuclear 

3 

relaxation  has  been  frequently  noted  in  liquid  He  although  the  exact 

4 

nature  of  the  mechanism  or  mechanisms  involved  is  poorly  understood.  In 
addition,  nuclear  relaxation  due  to  magnetic  field  gradients  (which  is  well 
understood)  is  prominent  in  low  density  He^  gas^  and  can  be  important  in 
low  magnetic  fields  in  the  liquid  as  well.  Thus,  the  question  of  how  long 

3 

the  He  nuclear  relaxation  time  in  low  magnetic  fields  can  be  made  in  actual 

4 

practice  by  increased  dilution  with  liquid  He  must  be  answered  experimen- 
tally. Our  concern  here  is  to  report  on  the  results  of  experiments  we  have 
performed  in  order  to  answer  this  question. 

2.  Progress  During  the  Report  Period 
a)  Experimental  Technique 

Because  of  the  very  small  applied  fields  used  in  our 
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experiments  (H^  < 2 mG  typically),  the  equilibrium  thermal  polarization  is 
zero  for  all  practical  purposes.  Thus,  in  order  to  measure  the  spin-lattice 

3 

relaxation  time  (T^  of  a sample  of  He  atoms,  they  must  be  polarized  to 
an  extent  which  renders  the  resulting  magnetization  readily  detectable. 
Fortunately,  this  is  easily  accomplished  by  using  an  optical  pumping  pro- 
cess developed  by  Colegrove,  Shearer,  and  Walters.^ 

3 3 

In  our  experiment  300  cm  of  He  gas  at  1 torr  pressure 
were  typically  polarized  to  ~ 5%  by  optical  pumping  at  room  temperature. 

4 

After  polarization.  He  gas  which  had  been  previously  purified  in  liquid 

form  by  passage  through  a Vycor  superleak,  was  admitted  into  the  optical 

pumping  bulb.  The  resulting  mixture  was  then  condensed  into  a Pyrex  sample 

bulb  located  in  the  cryostat  insert  via  a 0.5  mm  bore  Pyrex  capillary  (see 
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Fig.  1).  Our  condensed  samples  typically  had  a He  - He  ratio  of  6.9  x 10 

The  sample  bulb  was  0.95  cm  outside  diameter  and  the  final  1 cm  of  capillary 

was  drawn  down  to  0.1  mm  bore  in  order  to  limit  diffusion  in  and  out  of  the 

sample  bulb  once  it  had  filled  with  liquid.  It  should  be  noted  that  during 

3 

this  sample  preparation  phase,  the  He  is  always  exposed  to  a vertical  mag- 
netic field  which  is  maintained  by  Helmholtz  coils  around  the  optical  pump- 
ing bulb,  a solenoid  around  the  capillary,  and  another  small  set  of  Helm- 
holtz coils  around  the  sample  bulb.  The  optical  pumping  field  coils  and 
the  solenoid  are  turned  off  after  condensation. 

The  cryostat  insert  was  immersed  in  a liquid  helium 
bath  at  4.2  K maintained  in  an  8"  i.d.  dewar.  Thermal  contact  to  the  sample 
was  provided  by  helium  exchange  gas.  The  inside  of  our  dewar  was  lined  with 
a degaussed  superconducting  Pb  foil  shield  which  maintained  an  ambient  field 
of  ~ 3 mG  as  measured  at  the  sample.^  A single  p-metal  shield  surrounded 
the  outside  of  the  dewar.  The  presence  of  the  degaussed  superconducting 
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Figure  1.  Schematic  cross-section  of  the  lower  end  of  the  cryostat  insert. 
Helium  exchange  gas  is  used  to  maintain  thermal  contact  with  the  bath. 


shield  required  that  the  liquid  helium  level  be  kept  above  the  top  of  the 
shield  at  all  times  and  that  the  cryostat  insert  be  inserted  and  withdrawn 

3 

from  a cold  dewar.  The  magnetization  produced  by  the  polarized  He  in 
the  sample  bulb  was  detected  by  an  rf-biased  SQUID  (Superconducting 
Quantum  Interference  Device)  magnetometer  which  was  coupled  to  the  sample 

g 

with  a persistent  superconducting  coupling  circuit.  Typically,  the  mag- 
netic field  produced  by  the  sample  magnetization  immediately  after  con- 
densation was  greater  than  10  pG  yielding  a signal  to  noise  ratio  in 

3 

excess  of  10  in  a 1 Hz  bandwidth.  A signal  of  this  size  allowed  a num- 
ber of  relaxation  measurements  to  be  made  before  it  became  necessary  to 
start  over  again  by  preparing  a new  sample. 

The  actual  procedure  which  was  adopted  to  measure  T^ 
was  an  intermittent  precession  technique.  This  technique  yielded  an  AC 
signal  which  avoided  the  possibility  that  magnetometer  drift  could  bias 
the  results.  This  technique  is  depicted  schematically  in  Fig.  2.  Prior 
to  making  a measurement  the  applied  field  (H^,  in  the  vertical  direction] 
is  changed  to  a standard  value,  1h^|.  The  measurement  of  the  magnetiza- 
tion  IS  actually  made  when  H is  suddenly  switched  on  (|H  | = |H  |).  This 
causes  the  magnetization  m to  process  in  a cone  having  a half-angle  of 
45°.  The  value  of  /2  |h^|  was  chosen  so  that  the  precession  frequency 

was  0.25  Hz.  After  two  complete  cycles,  H^  was  switched  off,  leaving 
the  magnetization  again  aligned  in  the  z direction.  The  output  of  the 
magnetometer  was  a 2-cycle  sinusoid  (with  a slight  decay  in  amplitude 
due  to  dcphasing  because  of  field  gradients)  whose  amplitude  was  directly 
proportional  to  m.  Figure  3 shows  two  examples  of  such  measurement, 
b)  Experimental  Results  and  Analysis 

The  most  striking  aspect  of  our  T^  data  is  a strong 
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field  dependence.  For  example,  in  the  lowest  field  we  used,  = 36  pG, 
we  obtained  = 2.7  hr.  As  the  field  is  increased,  the  relaxation  time 
increases  and  levels  off  at  approximately  2 mG.  At  this  point  = 40  hr. 
It  was  experimentally  determined  that  the  relaxation  rate  was  independent 
of  the  sample  location  in  the  shield,  small  changes  in  the  bath  tempera- 
ture, and  whether  or  not  the  magnetometer  was  on.  It  was  ultimately  con- 
cluded that  this  field-dependent  relaxation  was  probably  due  to  a ferro- 
magnetic impurity  speck  located  near  the  sample  bulb.  In  order  to  discuss 
this  effect,  we  will  first  write  down  the  general  expression  for  gradient 
induced  relaxation  in  a spherical  sample  (where  we  will  assume  that  the 
gradient  is  uniform)  and  then  discuss  the  case  of  a point  dipole  located 
near  the  sample. 

The  most  useful  analysis  for  our  purposes  of  nuclear 

relaxation  due  to  magnetic  field  gradients  is  that  done  by  Barbe,  Leduc, 

..  9 

and  Laloe.  This  analysis  applies  specifically  to  spherical  samples,  and 
since  it  takes  into  account  the  finite  size  of  the  sample,  it  is  valid  in 

3 

the  limit  ^ 0 provided  the  "motional  narrowing"  criterion  is  met. 

(u)^  = is  the  Larmor  frequency  where  y is  the  gyromagnetic  ratio.  For 

He^,  y = 2.038  x lo^  rad.  sec  ^ gauss  ^.)  If  we  specialize  their  expres- 
sion to  the  case  of  a uniform,  axially  symmetric  gradient,  i.e.,  where 
the  perturbing  field  is  given  by 

Hj  = - iGx  - ]Gy  + K2Gz 


and  take  H = H k,  we  obtain 
o o 


(1/T^)^  = 4(yG)^2] 


R 


xn 


— q2  ,q2  1 22 

n Bo  (Bn  - 2)  1 + CO  To 

iln'  Jin  0 Jin 
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where  = 1/D(R  ) , R is  the  sample  bulb  radius,  D is  the  diffusion 

X,n  ^ o Jen  o 

coefficient  and  is  the  zero  of  the  derivative  of  the  spherical 
x.n 

Bessel  function,  j^(x). 

We  first  consider  this  expression  in  the  high  field 

-7 

limit  » 1.  In  our  case,  this  applies  for  » 10  gauss;  all  of 

our  data  are  in  the  "high"  field  limit.  In  this  limit,  the  expression 
becomes 


(i/rp,  = 

U) 


E 


(B 


£n 


2)‘ 


= 2CG/H^)"D. 


<^Vll 


» 


1) 


Experimentally,  we  made  use  of  this  result  by  applying 

a sequence  of  known  gradients  to  the  sample  while  was  kept  constant 

and  then  fitting  the  resulting  relaxation  rates  to  the  expression 
1 2 

T~  = a + bG  . We  thus  obtained  a value  for  the  diffusion  coefficient 
of  He^  in  liquid  at  4.2  K: 

2 -1 

= 8.4  + 0.8  cm  sec  (see  Fig.  4). 

It  is  worth  noting  that  our  field-dependent  relaxation 
_2 

effect  did  not  fit  a dependence.  Moreover,  by  using  free-precession 
decays,  we  were  able  to  estimate  the  ambient  value  of  G at  our  sample,  and 
it  was  determined  that  it  was  too  small  to  explain  the  measured  relaxation 
rates. 

Returning  to  the  expression  for  we  now  con- 

sider the  low  field  limit  w T, ,<<  1.  In  this  case,  the  relaxation  rate 

o 11 

becomes  independent  of  oj^  and  is  given  by 
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(1/Ti)g 


4(yGR^)^ 

D 


= 0.0914  (yGR^)^d"\ 


{CjJ  T,  , 

^ o 11 


« 


1). 


This  expression  is  valid  in  the  "motional  narrowing"  limit,  that  is  to 

say,  when  the  relaxation  time  given  by  this  expression  is  long  compared 

2 -7-1 

to  = 0.231  Rq/D.  For  our  experimental  situation,  G « 10  gauss  cm 

will  meet  this  requirement. 

Since,  as  we  have  noted,  our  data  do  not  fit  what 
would  be  expected  if  the  field-dependent  relaxation  were  due  to  a uniform 
gradient,  we  turn  to  the  possibility  of  a nearby  ferromagnetic  contaminant 
speck.  The  impact  of  such  a field  gradient  would  be  greater  on  the  relax- 
ation rate  than  it  would  be  on  a free-precession  decay.  We  thus  consider 
the  situation  of  a point  magnetic  dipole,  p,  located  a distance  b away  from 
the  sample  bulb  where  b is  much  less  than  the  size  of  the  sample  bulb  (see 
Fig.  5).  By  using  an  approach  similar  to  the  one  used  to  obtain  the  uni- 
form gradient  result  together  with  appropriate  simplifications  and  approxi- 
mations, we  can  obtain  approximate  expressions  for  relaxation  due  to  an 

2 

external  dipole  in  the  high  field  » 1,  where  = b /D)  and  the  low 

field  (o)  X,  <<  1)  limits.  In  the  case  w x,  » 1,  we  obtain 
^ o d 0 d ’ 


(l/ipd 


111' 

JI_  Y -V2 

8/2  Vb“^  ° 


where  V is  the  sample  volume. 

-3/2 

If  we  plot  our  data  as  a function  of  11^  ' (Fig.  6), 

we  see  that  this  model  docs  in  fact  appear  to  be  appropriate.  The  value 

-1-3/2  -1 

of  T,  as  H ->-0  is  then  the  relaxation  rate  (T,  ] due  to  remaining 

1 o 1 0 
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Figure  5.  Diagram  showing  the  possible  location  of  a ferromagnetic  con- 
taminant dipole.  It  is  assumed  that  the  distance  hetween  the  contaminant 
dipole  and  tlie  sample  surface  is  much  less  than  the  sample  bulb  diameter. 


wr^ 


field- independent  relaxation  mechanisms  such  as  intrinsic  relaxation  and 
relaxation  due  to  wall  effects.  A least  squares  fit  of  our  data  yields 
a value  = 40.4  ± 1 hr  and  a slope  which  is  appropriate  to  a dipole 

|p|  = 2 X 10  gauss  cm  located  0.1  cm  away,  according  to  the  above  expres- 
sion for  ; 

The  Delrin  coil  form  for  the  magnetometer  pickup  coil 

7 

IS  the  only  thing  this  close  to  the  sample.  Cabrera,  has  measured  the 
remanent  magnetization  of  a number  of  materials  at  low  fields  and  low  tem- 
perature and  has  found  that  contaminant  dipoles  of  the  size  suggested  by 
our  data  are  quite  common.  In  addition,  microscopic  examination  of  the 
coil  form  has  yielded  visual  evidence  of  a contaminant  speck. 

In  the  case  of  the  low  field  limit  « 1,  we  again 

obtain  an  expression  which  is  independent  of  H^: 


” i6  v-sr  • '“o"d  » 


The  motional  narrowing  condition  which  must  be  satisfied  in  order  for  this 
expression  to  be  valid  in  the  limit  ^ 0 is 


—A  = YM  « 1 

,_3  bD 


If  b = 0.1  cm,  this  condition  is  satisfied  when  p « 4 x 10  gauss  cm^. 

If  this  condition  is  not  satisfied,  the  magnetization  of  the  sample  would 
no  longer  be  uniform, a situation  which  would  be  entirely  unacceptable 
for  the  applications  in  which  we  are  interested. 

The  relaxation  time  of  40  hr  seemed  to  be  considerably 
shorter  than  what  one  would  expect  for  intrinsic  relaxation.  In  order  to 
investigate  the  possibility  that  relaxation  due  to  wall  effects  was  playing 
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a significant  role,  we  made  use  of  a discovery  made  by  Barbe,  Laloe,  and 
Brossel.^^  They  found  that  a number  of  cryogenic  wall  coatings  (such  as 

3 

D^,  Ne,  Ar,  etc.)  are  effective  in  suppressing  wall  relaxation  of  He 
gas  over  a limited  range  of  temperatures  below  the  freezing  point  of  the 
particular  wall  coating  being  used.  In  particular,  they  found  that  was 
very  effective  at  4.2  K and  obtained  a relaxation  time  of  ■“  60  hr  instead 
of  the  immeasurably  short  (<  1 sec)  relaxation  time  found  in  a bare  Pyrex 
bulb. 

By  loading  1 torr  of  into  the  sample  bulb  prior  to 

cooling  our  cryostat,  we  deposited  an  estimated  40  molecular  layers  of 

hydrogen  on  the  wall  of  our  sample  bulb.  Relaxation  measurements  were 

then  made  as  a function  of  and  analyzed  as  described  above.  In  this 

case  we  found  that  = 141  + 5 hr,  although  the  longest  time  actually 

measured  was  loO  hr.  This  relaxation  time  in  excess  of  5 days  is  longer 

3 

than  any  published  He  nuclear  relaxation  time  at  low  temperatures.  (Fitz- 
simmons, Tankersley,  and  Walters  have  reported  T^^  = 250  hr  at  373  K with 
12 

a 630  torr  sample.  ) 


In  order  to  compare  our  extrapolated  relaxation  time 


of  141  hr  to  a theoretical  estimate  of  the  i.ntrinsic  relaxation  time,  we 


make  use  of  a result  obtained  by  Oppenheim  and  Bloom  for  pure  liquid  He  : 

- 87TY^h^I(I  + l)n 

t;  = (1.15)  ^5 


3 3 

where  I = % for  He  , n^  = He  density,  a = interatomic  distance  of  closest 

approach,  and  D = diffusion  coefficient.  If  we  assume  that  this  expression 

3 4 

is  a reasonable  estimate  for  relaxation  of  He  in  liquid  He  when  we  take 
D=  and  the  proper  value  for  n^,  we  obtain  the  estimate  T^  = 170  hr. 
Considering  that  the  values  of  n^  and  are  judged  to  be  accurate  to 
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+ 10%,  we  see  that  the  extrapolated  relaxation  time  obtained  with  an 
wall  coating  is  close  to  being  limited  by  the  intrinsic  relaxation  time. 

In  addition  to  the  wall  coating,  we  also  tried  an 
argon  wall  coating  using  the  same  technique  as  described  for  the  hydrogen. 
The  reason  Ar  was  chosen  is  that  it  is  isotopically  pure  and  has  no  mag- 
netic moment.  We  found  that  it  had  no  effect  on  the  relaxation  time  when 
compared  to  the  bare  bulb  result.  This  is  consistent  with  Barbe,  Laloe 
and  Brossel's  results;  they  found  Ar  to  be  effective  in  suppressing  wall- 
induced  relaxation  only  when  the  temperature  was  in  the  14-36  K range. 
c)  Conclusions 

The  most  important  conclusion  which  can  be  reached 

on  the  basis  of  our  experimental  data  and  theoretical  calculations  is 

that  if  one  expects  to  approach  intrinsic  relaxation  times  at  4.2  K and 

in  very  low  magnetic  fields,  two  things  must  be  done:  (a)  a thin  wall 

coating  must  be  used,  and  (b)  magnetic  field  gradients  must  be  assiduously 

avoided.  This  latter  requirement  can  be  made  more  quantitative  by  use 

of  the  expressions  we  have  written  down  above  which  apply  to  relaxation 

due  to  gradients  in  the  limit  0.  If  we  specify  that  the  relaxation 

rate  due  to  gradients  must  be  kept  below  10  ^ sec  ^ then  the  uniform  com- 

-9  -1 

ponent  of  the  gradient  ] must  be  kept  below  6 x 10  gauss  cm 

for  a 1 cm  diameter  sample.^  Moreover,  these  same  relaxation  rate  and  sample 

size  specifications  require  that  any  nearby  ferromagnetic  impurity  have  a 
1^1  —10%  5 

magnetic  moment  |u|  < 7 x lo  b gauss  cm  where  b is  the  distance  from 
the  sample  in  cm. 

Our  judgment  based  on  Cabrera's  data  on  superconduct- 

7 

ing  shields  and  remanent  magnetization  of  materials  is  that  these  require- 
ments are  not  impossibly  severe.  The  use  of  fused  quartz  for  the  sample 
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container  and  nearby  parts  will  probably  be  sufficient,  although  this 
needs  to  be  proven. 
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Evidence  for  a Temperature-Dependent  Surface  Shielding  Effect  in  Cut 

J.  M,  Lockhart,  F.  C,  Witteborn,*  and  W.  M.  Fairbank 
Department  of  Physics,  Stanford  I'niversity , Stanford,  California  9 1305 
(Received  11  April  1977) 

A large  temperature-dependent  transition  in  the  magnitude  of  the  ambient  axial  elec- 
tric field  Inside  a vertical  copper  tube  has  been  observed.  Above  a temperature  of  4.3  K 
the  ambient  field  is  3^  lo'’  V/m  or  greater.  Below  4.3  K,  the  magnitude  of  the  ambient 
field  drops  verj'  rapidly,  reaching  about  -5x  10'"  V/m  at  4.2  K.  We  believe  that  these 
effects  results  from  the  presence  of  a surface  electron  layer  on  the  inside  wall  of  the 
tube  which  provides  a temperature-dependent  shielding  effect. 


A discrepancy  has  e.xisted  for  several  years  be- 
tween the  results  of  the  measurement  by  Witte- 
born  and  Fairbank  (WE')‘  of  the  total  force  felt  by 
an  electron  traveling  along  the  axis  of  a vertical 
copper  tube  and  the  expected  magnitude  of  the 
ambient  electric  field  in  the  tube.  WF  measured 
a net  force  on  the  electron  of  zero  to  within  ± 6 
xl0'“  v/m;  this  value  was  interpreted  to  be  the 
result  of  the  combined  effects  of  gravity  on  the 
test  electron  and  an  ambient  electric  field  of 
about  -5x10'*'  V/m.  Theoretical  predictions 
and  room-temperature  contact-potential  results 
indicated  that  an  ambient  field  of  lO^’^-lO"’  V/m 
should  be  present.  We  have  measured  the  ambi- 
ent electric  field  present  in  the  tube  used  by  WF 
at  several  temperatures  between  4.2  and  300  K 
and  have  found  that  the  magnitude  of  the  field 
makes  a sudden  transition  at  4.5  K from  a value 
consistent  with  that  observed  by  WF  to  a value 
roughly  four  orders  of  magnitude  larger. 

At  least  two  mechanisms  act  to  produce  an  am- 
bient electric  field  in  a vertical  metal  tube. 

First,  the  fact  that  the  tube  is  composed  of  many 
small  crystallites  results  in  the  existence  of  a 
spatially  fluctuating  "patch  effect”  field  along  the 
axis  of  the  tube;  the  rms  magnitude  of  this  field 
is  expected  to  be  about  10*^  V,  m unless  some 
ordering  in  the  distribution  of  different  kinds  of 
crystallites  is  present.  Second,  the  effect  of 
gravity  on  the  ionic  lattice  and  the  electron  gas 
of  the  metal  produces  a uniform  axial  electric 
field  in  the  tube. 

The  magnitude  of  the  gravitationally  induced 
field  in  a vertical  metal  tube  was  first  calculated 
by  Schiff  and  narnhill,-  wlio  obtained  the  value 
mg/e,  where  >n  is  the  electron  mass;  this  result 
implies  that  an  axial  field  is  produced  by  the 
gravitationally  induced  redistribution  of  metallic 
electrons  but  not  by  the  differential  compression 
of  the  ionic  lattice  caused  by  gravity.  However, 
Dcssler,  Michel,  Rorschach,  and  TrammclP 


(DMRT)  were  able  to  show  that  the  lattice  com- 
pression should  produce  a much  larger  field  Mg! 
e where  A/  is  the  ionic  mass.  Later,  Herring’ 
was  able  to  reconcile  the  D.MHT  result  with  the 
approach  taken  by  Schiff  and  Barnhill  by  taking 
into  account  certain  surface  effects.  Other  mod- 
els were  explored  by  Peshkin,’  Rieger,®  and 
Leung,  Papini,  and  Rystephanick.’  Several 
room-temperature  ex'periments  were  then  con- 
ducted to  search  for  stress-induced  contact-po- 
tential variations  in  various  metals;  Beams,® 
Craig,’  and  French  and  Beams”  performed  much 
of  the  early  work.  The  results  were  in  general 
consistent  with  the  D.MRT  calculation  (some  of 
the  difficulties  in  the  interpretation  of  such  meas- 
urements have  been  pointed  out  by  Enga").  By 
this  time  though,  considerable  supporting  evi- 
dence for  the  validity  of  the  WF  result  was  avail- 
able. The  experiment  itself  yielded  the  proper 
e/m  for  the  electron,  and  a related  experiment 
measured  tb.e  anomalous  magnetic  moment  of  the 
electron.”  Also,  the  correct  value  of  g was  ob- 
tained in  experiments  with  ions.”  It  appeared 
that  the  low-tcmpcrature  environment  in  which 
the  WF  exTieriment  was  conducted  inicht  have 
been  crucial  to  its  success.  This  idea  led  to  our 
program  of  experiments  in  which  slightly  modi- 
fied versions  of  the  WF  apparatus  and  technique 
were  used  to  measure  the  ambient  field  in  the 
copper  tube  at  300,  77  K,  and  several  tempera- 
tures between  4.2  and  11  K. 

Doth  the  original  apparatus  and  technique  used 
by  WF  and  the  more  recent  modifications  arc 
described  in  detail  elsewhere.''''’  The  current 
version  of  the  apparatus  is  illustrated  in  Fig.  1. 
Basically  the  electric  field  present  inside  a ver- 
tical electrostatic  shielding  tube  is  determined 
by  it.s  effect  on  the  time  of  flight  of  a very  slow 
electron  '.vhich  travels  along  the  tube  axis.  A 
burst  of  low  energy  (<  1 eV)  electrons  is  emitted 
from  a pulsed  tunnel  cathode  and  guided  through 


1220 


VOLl'MC  NlvMlltR  21 


PHYSICAL  REVIEW  LETTERS 


23  May  1977 


FIG.  1.  A schematic  diagram  of  the  electron  time-of- 
flight  apparatus  and  the  associated  electrode  biasing 
circuitry.  Wires  and  capacitors  labeled  s are  super- 
conducting in  order  to  eliminate  Johnson  noise.  / , 
are  constant  current  power  supplies. 

the  tube  by  a superconducting  solenoid  to  a win- 
dowless photomultiplier  detector.  Electrical 
biasing  is  arranged  so  that  the  electrons  of  in- 
terest travel  slowly  only  while  inside  the  shield- 
ing tube.  Detector  pulses  are  stored  in  a multi- 
channel analyzer  in  a channel  appropriate  to  the 
time  of  flight  through  the  drift  tube.  The  e.\-peri- 
ment  is  repeated  many  times  until  a distribution 
of  flight  times  is  obtained.  A uniform  applied 
electric  field  can  be  established  in  the  tube  by 
passing  an  axial  current  through  the  walls.  The 
300  and  77  K measurements  were  made  u ith  cop- 
per wire  magnets  and  conventional  electrode 
biasing  circuitry  (and  thus  with  more  noise  and 
decreased  sensitivity).  The  measurements  in  the 
range  4.2-11  K were  nuade  with  all  of  the  appar- 
atus at  4.2  K except  for  the  thermally  isolated 
shielding  tube  so  that  the  advantages  of  cryo- 
pumping  and  superconducting  magnets  and  cir- 
cuitry could  bo  retained.  The  tube  wa.s  re.sistivc- 
ly  heated  in  such  a manner  as  to  minimize  ther- 
mal gradients;  its  temperature  was  monitored  by 
a carbon  resistor  tliermomoter. 

At  each  value  of  temperature  data  were  t;ihcn 
with  four  different  values  of  applied  electric 
field,  one  of  which  was  always  zero.  The  applied 
field  was  cycled  through  each  of  the  four  values 
many  times  during  each  run  at  a given  tempera- 
ture in  order  to  average  out  the  effects  of  long 


term  drifts  in  experimental  conditions. 

The  time-of-flight  spectra  which  were  obtained 
in  these  runs  were  analyzed  to  determine  the  am- 
bient electric  field  present  in  the  tube  at  each 
temperature.  The  time  of  flight  for  an  electron 
which  enters  the  tube  with  energy  IT  is  given  by 

~ \ 2 j Jo  [IT  -ez£,n,b(a)  -c^E  ’ 

(1) 

where  h is  the  length  of  the  tube,  £amb  the  ef- 
fective ambient  electric  field  (assumed  to  consist 
of  a constant  term  due  to  gravitationally  induced 
distortion  of  the  tube  and  a term  due  to  the  patch 
effect  with  a complicated  z dependence),  and  E^pp 
is  the  applied  uniform  field.  In  the  room-temper- 
ature and  77-K  work  it  was  only  possible  to  de- 
termine t when  Ejpp  was  significantly  greater 
than  Ejnib.  so  the  determinations  of  Ea^b  had 
relatively  large  errors.  In  the  4.2-11-K  work 
it  was  possible  to  determine  Eamb  directly  by 
comparing  spectra  obtained  at  the  same  tempera- 
ture with  different  values  of  £app-  The  spectra 
are  complicated  by  the  effects  of  fringing  fields 
and  the  delayed  emission  of  electrons  from  elec- 
trostatic and  magnetic  potential  traps;  however, 
it  proved  possible  to  determine  the  ambient  field 
values  with  sufficient  accuracy  to  make  the  na- 
ture of  the  temperature  transition  in  the  shielding 
rather  clear. 

The  results  obtained  at  all  the  different  tem- 
peratures studied  are  plotted  together  in  h'ig.  2. 
An  exact  comparison  of  the  results  at  300  and  77 
K with  the  results  from  the  range  4.2-11  K is 
difficult  since  both  the  data-analysis  techniques 
and  the  detailed  nature  of  the  apparatus  were  dif- 
ferent in  the  two  regions;  however,  an  order  of 
magnitude  comparison  can  be  made.  VVe  find  the 
effective  ambient  field  at  room  temperature  to 
be  (7.5  ± 6)  X 10*®  V/m;  at  77  K the  value  is  (4  ± 2) 
xlO'®  V/m.  In  those  cases  we  are  not  able  to 
say  whether  these  values  correspond  to  the  mag- 
nitude of  a gravitationally  induced  uniform  field 
or  the  rms  level  of  a spatially  fluctuating  patch- 
effect  field;  the  latter  seems  more  likely.  Be- 
cause of  the  manner  in  which  these  fields  and 
their  errors  arc  dcfcrniincd.  the  stated  error 
limits  arc  not  standard  devi;;tions  but  are  more 
nearly  maximum  variations  of  the  field.  In  gen- 
eral the  decade  in  wtiich  the  ambient  field  magni- 
tude falls  is  well  known  even  when  the  value  with- 
in the  decade  is  not  precisely  determined.  This 
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FIG.  2.  The  ambient  electric  field  in  the  tube  as  a 
function  of  tube  temperature.  The  closed  circles  show 
the  present  cxv,crimontal  results.  The  triangle  shows 
the  absolute  value  of  the  1967  result  of  Wittcborr  and 
Fairbank,  which  was  - 5x  10'"  V/m  at  4.2  K. 

means  that  the  error  curve  is  much  closer  to  a 
rectangle  function  than  a Gaussian. 

The  results  in  the  region  4.5-11  K show  an 
ambient  field  about  an  order  of  magnitude  lower 
than  that  present  at  77  K;  the  values  here  agree 
quite  well  with  the  DMKT  prediction  of  a field  of 
approximately  10"®  V/m.  Below  4.5  K the  very 
sharp  transition  in  the  ambient  field  can  be  seen. 
At  4.2  K we  obtained  a value  of  (6  * 7)  x 10‘  V/m 
for  the  ambient  field;  this  is  consistent  with  the 
more  accurate  value  of  -{5.6  ± 0.6)  x 10" " V/m 
obtained  in  the  original  exjieriment  performed  by 
Witteborn  and  Fairbank  (WF  had  much  more  data 
at  4.2  K,  allowing  a considerably  better  deter- 
minafion  of  the  field).  The  results  from  the  range 
4.2-11  K arc  shown  as  closed  circles  on  the  ex- 
panded linear  temperature  scale  of  Fig.  3. 

In  order  to  further  check  the  4.2- 11 -K  results 
presented  in  Figs.  2 and  3,  the  time-of-flight 
data  were  analyzed  by  a somewhat  different  tech- 
nique. Rather  than  comparing  spectra  taken  at 
the  same  temperature  but  with  different  values  of 
applied  field  in  order  to  determine  the  ambient 
field,  spectra  taken  at  the  same  value  of  applied 
field  but  at  different  values  of  temperature  were 
compared.  This  is  most  logically  done  for  the 
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case  of  no  applied  field;  the  results  of  the  analy- 
sis are  shown  as  triangles  in  Fig.  3.  Since  this 
latter  analysis  technique  utilizes  less  of  the 
available  data  than  the  comparison  of  spectra 
taken  at  a given  temperature,  the  results  are  not 
expected  to  be  as  accurate;  however,  the  two 
sets  of  results  are  in  rather  good  agreement. 

It  would  seem  from  these  results  that  a highly 
temperature-dependent  shielding  mechanism 
must  exist  in  the  tube;  at  temperatures  below 
4.5  K the  axis  is  shielded  from  the  patch  effect 
and  lattice  distortion  fields  while  .above  4.5  K the 
shielding  is  either  nonexistent  or  only  very  weak- 
ly effective.  There  is  some  indication  that  the 
patch  effect  is  either  partially  shielded  or  else 
is  somehow  reduced  in  magnitude  below  77  K. 
Since  the  WF  experiment  saw  a field  in  the  tube 
which  implied  perfect  shielding  of  the  patch  ef- 
fect and  lattice  distortion  fields  but  which  agreed 
with  the  estimates  for  the  field  produced  by  the 
gravitationally  induced  redistribution  of  metallic 
electrons,  the  shielding  must  be  accomplished  by 
surface  electrons.  Condensation  of  residual  gas 
on  the  drift  tube  walls  is  not  thougtU  to  play  an 
important  role  in  the  shielding;  only  10*®  or  so 
of  a monolayer  could  be  condensed  since  a room 
temperature  vacuum  of  10*“’  Torr  is  attained  be- 
fore cooldown.  It  should  be  mentioned  that  an  ex- 
amination of  the  copper  surface  revealed  a layer 
of  copper  oxide  approximately  20  A thick.  We  as- 
sume that  the  electrons  respo/isiblo  for  the  shield' 
ing  exist  on  the  surface  of  the  oxide  and  'hat  the 
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oxide  serves  to  decouple  the  surface  electron  en- 
ergy levels  from  the  band  struclure  of  the  bulk 
copper.  It  is  interesting  to  note  that  the  tube  axis 
is  not  shielded  from  the  field  produced  by  pass- 
ing an  axial  current  through  the  walls  of  the  tube, 
A search  is  now  in  progress  for  a theoretical 
model  for  this  dramatic  shielding  effect.’^ 

We  gratefully  acknowledge  valuable  discussions 
with  Dr,  John  Madey  and  Richard  Hanoi  concern- 
ing the  nature  of  the  surface  shielding  and  possi- 
ble mechanisms  which  could  ex-plain  it. 
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Dispersion  and  dami)ing  characteristics  of  surface  e.Nciton  polaritons  in  ZnO  h.ave  been 
measured  by  nonlinear  optical  tcchnir|uc.  Optical  mixing  was  used  to  excite  surface  ex- 
citon polaritons  while  surface  roughness  was  used  to  couple  the  surface  waves  out.  The 
results  were  used  to  deduce  characteristic  parameters  of  bulk  excitons  in  ZnO. 


The  surface  exciton  polariton  has  long  been  a 
subject  of  extensive  theoretical  studie.=  .'  E>^5cri- 
mental  research  on  the  subject  has  however  been 
very  rare.  So  far  as  we  know,  Lagois  and  Fisch- 
er’ have  conducted  the  only  meastirenienl  of  ex- 
citon polariton  dispersion  in  ZnO  using  the  meth- 
od of  attenuated  total  reflection  (ATR).  The  dif- 
ficulty lies  in  the  fact  that  excilons  usually  exist 
at  low  temperatures  and  the  ATR  method  is  not 
easily  applicable  to  surface  p ilarilons  with  rela- 
tively short  v.-.ivclen '.ths.  Wc  have  recently  pro- 
posed that  surface  polaritons  c.an  be  investigated 


by  nonlinear  optical  techniques.’"^  In  this  Tetter, 
we  report  the  first  exqjeriment  on  nonlinear  op- 
tical excitation  of  surface  exciton  polaritons.  Wc 
show  that  the  surface  exciton  polariton  waves  are 
radiative  because  of  surface  roughness,'  and  de- 
tection of  the  radiative  surface  waves  enables  us 
to  measure  both  dispersion  and  damping  of  the 
surface  exciton  polaritons. 

S^Jrface  i>olaritons  only  exist  in  the  resist  rahlen 
band  of  a crystal.  For  a semi -infinite  .misot  t op- 
ic crystal  h bounded  by  an  isotropic  medium  a, 
the  dispersion  relation  for  polaritons  is  given' 
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Apparatus  for  measuring  the  force  of  gravity  on  freely  falling 


electrons 


F.  C.  Witleborn*  and  W.  M.  FairbanK 

Department  of  Phyiics.  Stanford  University,  Stanford.  California  94305 
(Received  30  September  1976) 

An  apparatus  and  data  analysis  technique  for  measuring  the  gravitational  force  on  freely 
falling  electrons  are  described.  The  measurement  required  that  all  forces  acting  on  the 
electrons  be  uniform  and  measurable  to  about  10*"  eV/m.  The  electrical  force  along  the 
axis  of  the  5-cm-diam,  vertical  copper  tube  used  in  the  experiment  was  found  to  be  about 
6X10*"  eV/in±9%  when  the  tube  was  cooled  to  4.2  K.  Forces  on  electrons  due  to 
magnetic  field  gradients  were  reduced  well  below  the  electrical  ones  by  selecting  only 
ground  state  electrons  for  measurement.  Ot!  er  forces  were  reduced  sufficiently  by  careful 
attention  to  the  vacuum  and  thermal  environment.  The  absence,  at  4.2  K,  of  much  stronger 
electric  fields,  which  were  expected  to  arise  from  the  patch  effect  and  from  differential 
lattice  components,  contrasts  strongly  with  measurements  of  electric  fields  near  metal 
surfaces  made  at  room  temperature. 


I.  INTRODUCTION 

Results  of  an  experiment  to  measure  the  force  of  gravity 
on  freely  falling  electrons  have  been  reported  earlier. 
but  the  apparatus  and  the  data  analysis  technique  were 
not  described  in  detail.  Such  a description  is  important 
at  this  time  because  of  recent  new  results  which  may 
help  to  explain  how  such  sensitive  measurements  are 
possible  in  apparent  \ iohition  of  theoretical  predictions. 
The  experimenliil  results  required  that  the  4.2  K 
metallic  enclosure  surrounding  the  evacuated  free  fall 
region  was  free  of  elec'ric  fields  larger  than  about  10*" 
V/m  except  for  a unifoi  m field  that  cancelled  the  force  of 
gravity  on  electrons  to  within  9^r.  The  ctincellation  is 
consistent  w ith  the  theoretictil  prediction  for  the  electric 
field  set  up  by  gravitational  compiession  of  electrons 
in  the  walls  of  the  metal  enclosure.^  but  not  with  the 
fields  expected  from  the  patch  effect'  on  metal  surfaces 
or  fiom  strain-induced  tiekis  produced  by  differential 
lattice  compression"  ' which  were  predicted  to  be  10’’ 
times  larger  th;m  the  field  set  up  by  the  electrons  in 
the  walls.  Other  experimental  techniques  have  been  used 
at  room  temperature  ;md  w ith  significantly  greater  lattice 
compression'*"  to  metisure  the  strain-induced  electric 
fields  ne.ir  met.ils.  The  magniitKle  of  the  measured  val- 
ues w;is  generally  in  .igieement  with  lattice  compres- 
sion theories.  One  ctmclusion  that  was  tenttitively 
reached  fiom  theve  ’xperimenls  was  lh;it  the  lattice 
compression  field  might  be  slueldci.1  at  K'w  temperature 
either  by  tidsiuption  i>f  g.ises  to  the  walls,  or  by  ;m 
electronic  surfii.te  state,  or  by  a combm.ition  of  these 
effects. " Further  evKience  that  the  shielding  effect 
is  real  is  prrw.dcv!  by  new  low  temperature  free-fall 
ilata'”’  obi. lined  using  esvenli.tllv  the  origin. il  .ippar.iius 
but  with  improved  methodologv.  .Since  the  new  results 
confirm  the  ability  of  this  technique  to  measure  firrees 
on  freely  f.illing  ch.iiged  p.utieles  as  small  as  10  " 
cV  over  a linear  ilisi.mce  of  ncarlv  I m.  this  paper  was 
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written  to  make  important  details  of  the  technique  gen- 
erally available. 

A brief  summary  of  the  experiment  is  given  here  as 
a guide  to  the  remainder  of  the  paper,  where  the 
rationale  for  essential  features  of  the  app.iratus  is  dis- 
cussed. Electrons  are  emitted  in  a short  burst  from  a 
cold  cathode  located  at  the  bottom  of  a long,  vertical 
copper  tube  in  a vacuum  chamber  with  4 K walls  tFig. 
I).  The  electrons  arc  constrained  to  move  vertically 
through  the  tube  by  an  axial  magnetic  field.  .A  window- 
less.  l4-dynode  electron  multiplier  detector  at  the  top 
produces  a measurable  voltage  pulse  at  its  ;mode  e;ich 
time  an  electron  hits  its  entrance.  This  pulse  is  ampli- 
fied and  stored  in  a mullichtmnel  analyzer  t.MC.-\)  in  a 
memory  channel  appropriate  to  the  time  of  flight  iTOF) 
of  the  electron  through  the  drift  tube.  The  experiment 
is  repeated  many  times  until  :i  distribution  of  flight  times 
has  been  stored  in  the  memory  of  the  MC.A.  .Known 
forces  c;m  be  applied  to  the  electrons  by  running  cur- 
rents axially  through  the  drift  tube;  these  forces  tilter 
the  TOF  distributions.  .A  study  of  time-of-fiight  dis- 
tributions for  several  such  known  forces  enables  one 
to  determine  what  intrinsic  vertical  forces  are  present 
in  the  tube. 

In  addition  to  the  tirne-of-fiight  mode  of  opertition 
(discussed  further  in  Sec.  V).  the  apparatus  was  de- 
signed to  operate  in  another  mode  to  prov  ide  tin  tiltei  na- 
tive melhotl  for  making  the  desired  mctisuremenis.  fhis 
mode  is  desciibi,d  in  Sec.  \T.  The  reduction  of  forces 
and  the  ctithode  char.ictcristics  tiffect  Ix'th  modes  of 
oper.ition  and,  therefore,  tire  ilescribed  first  in  Secs. 
II-IV. 

II.  REDUCTION  OF  ELECTRIC  STRAY  FIELDS 

In  order  to  metisure  forces  comp.ii.ible  to  th.it  v>f 
grtiviiy  on  freely  f.illing  electrons  it  w;is  neces^tirv  to 
produce  an  enclosure  free  of  electric  fields  gre.itei  than 
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Fig.  I.  (a)  Schematic  ili.uiram  of  free  fall  appaiatus.  Fach  Jiifl  tube 
is  90  cm  long.  1 he  liquid  helium  level  v‘  av  UMially  above  the  detector 
during  measurements.  tb»  Details  of  the  cathode  reeuvn.  ()l  HC  de- 
notes parts  in.ide  of  oxvgcn-trcc  fiigli-conductiv  its  copper. 

10  " V/m.  TIk-  encloMirc  had  to  he  iiict.il  (eoiidiieliiigl 
to  prevent  huiUiip  of  static  ch.irye.  Since  ilic  field  in- 
duced by  even  one  electron  uitliin  a few  meters  of  a 
conductor  exceeds  the  desired  value,  it  \sas  necessary 
to  choose  a geometry  in  vshich  forces  were  halanccd 
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by  symmetry  or  else  to  work  with  a prohibitively 
large  apparatus.  An  electron  moving  along  the  axis  of  a 
perfectly  uniform,  infinitely  long  cylinder  in  zero  gr.iviiy 
is  in  a field-free  region,  because  the  induced  surface 
charge  is  symmetric  around  the  free  electron.  Hie  elec- 
tron can  be  constrained  to  stay  near  the  axis  by  a uni- 
form axially  directed  magnetic  field.  In  a cylinder  of 
finite  length  with  end  caps  at  potentials  slightly  different 
from  the  cylinder,  the  axial  electric  field  resulting  from 
the  end  caps  drops  off  approximately  as  exp(-2.4c,'u ), 
where  z is  the  distance  from  the  nearer  end  and  a is  the 
radius.  Thus  an  attenuation  of  I0’“  is  achieved  in 
9.6  radii.  By  orienting  the  tube  vertically,  the  gravi- 
tational force  v\ould  be  the  only  axial  force  felt, 
provided  that  magnetic  field  gradients  and  electrical 
fields  due  to  irregularities  in  materials  were  negligible. 

A polycrysialline  metal  will  exhibit  variations  in  the 
electric  potential  just  outside  the  surface,  because  the 
surface  is  made  up  of  many  crystal  faces  (patches) 
which  have  different  work  functions.  If  the  patches 
were  arranged  in  a regular  array  the  variations  in 
potential  as  one  moved  parallel  to  the  surface  would 
drop  exponentially  w'ith  distance  from  the  surl'ace. 
There  is  no  reason  to  expect  such  a regularity  in 
patch  distribution,  so  that  potential  variations  due  to 
random  excesses  of  one  type  of  patch  over  another  must 
be  expected.  A simple  analysis'*-^  predicts  ih;it  along  the 
axis  of  a tube  of  radius  a potential  v ariations  of 

= (3Ar=/8eo'a=)''^ 

should  exist,  where  A is  the  patch  area  and  7'r„  is  the 
potential  change  across  the  dipole  double  layer  which 
is  associated  with  the  patch.  t/Cq  varies  tvpically  by 
about  0. 1 V from  one  crystal  surface  to  another.  I'aich 
sizes  of  a few  hundredths  of  a millimeter  are  expected 
for  normally  processed  metals.  These  pa^.lmc■ter^  result 
in  excessively  large  variations  in  A4>  for  rca.sonable 
values  of  drift  tube  radius  (a  few  centimeters*.  For 
example  if  a is  2..*'  cm,  r/co  is  0.1  V.  and  ,-l  is  10  cnr. 
then  A<I>  is  2.5  x 10'^  V,  which  is  much  too  l.irgo. 
Reducing  the  patch  area  to  atomic  dimensions  brings 
A down  to  10  '®  cm-,  so  Atf*  beaimes  about  10  V. 
An  amorphous  surface  masks  the  underlving  crvstal 
structure  and  may  have  a value  of  A approaching 
atomic  dimensions. 

In  order  to  produce  a long  cylinder  (hereafter  called 
the  drift  tube)  with  an  .miorphous  interior  sui f,:ce  and 
very  uniforni  interior  dimensions,  (3!  HC  copper  was 
cicctroformed  onto  a catcfulK  macliined.  polislied 
aluminum  mandrel.  The  mandrel  was  6061  aluminum, 
91  cm  long,  and  5 cm  diameter  with  v.trialions  loss 
than  0.000.3  cm.  Prior  to  bull,  deposition  of  copi'er  the 
alimiinum  w.ts  Hash  plated  in  a copper  phosphate  solu- 
tion. .After  deposition  was  complete,  llic  exieiior  sur- 
face of  the  virift  tube  was  mtwhined  to  piovide  a um- 
foim  wall  ihiekncss  of  O.-JO  em  along  the  length  of  the 
tube,  rhen  the  mandiel  was  dissiilved  .md  the  tube  was 
rinsed.  Ihrec  drift  tubes  weic  made  Fvi.n  the  best  of 
these  has  obseivable  van.iiions  in  suif.iee  lesiiue,  but 
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ihc  crystal  surfaces  arc  smaller  than  10'^  cm.  F.ven 
prior  to  the  construction  of  the  drift  tubes,  it  was  rccog- 
ni/cd  that  the  patch  effect  appeared  to  represent  a 
fundamental  barrier  to  the  e.xpcriment,  so  a small,  pilot- 
model  timc-of-flight  apparatus  was  built  and  tested. It 
was  found  that  the  fields  present  at  the  center  of  a 2-cm- 
diam  diift  tube  cooled  to  4.2  K were  less  than  10''“V/m. 
The  theoretical  e.xplanation  for  this  fortuitous  behavior 
is  still  under  study  hut  may  be  related  to  the  same 
effect  \shich  shields  the  lattice  compression  field. 

Another  possible  source  of  undesired  electric  field 
is  the  Thompson  emf.  The  potential  variation  due 
to  a temperature  difference  AT  along  a homogeneous 
metal  surface  is  given  by  AV^'t  = ^TT^T.  where  <7r  is 
the  Thompson  coefficient.  This  is  typically  a few  micro- 
volts per  degree  for  metals.  Thus  AT  must  be  less  than 
10'^  K for  the  desired  measurements.  If  the  drift  tube 
were  in  direct  contact  with  the  liquid  helium  cooling 
bath  a temperature  gradient  of  up  to  0.34  K/m  would 
e.xist  because  of  variation  in  liquid  helium  boiling 
point  with  pressure.'®  Thus  it  is  necessary  that  the  drift 
tube  be  in  good  contact  with  the  bath  at  only  one  loca- 
tion and  be  well  insulated  from  its  vacuum  enclosure 
everywhere  else.  To  accomplish  this,  a 0.6-cm-thick 
copper  flange  was  shrink  fitted  to  the  ends  of  each  drift 
tube  (where  a slight  dimensional  change  w ould  not  de- 
grade the  electrostatic  unifiirmity  of  the  interior).  0.6- 
cm-diam  ORIC  copper  rods  extend  from  these  tlanges 
to  sapphire  wafers  mounted  on  the  1 .9-cm-thick,  OFHC 
copper  flange  at  the  bottom  of  the  vacuum  enclosure, 
indium  was  held  under  compression  betw  een  each  of  the 
copper-to-sapphire  joints.  Heat  leaks  into  the  copper 
drift  tube  or  heat  generated  by  running  electric  cur- 
rent through  the  drift  tube  (and  associated  wires)  had 
to  be  smaller  than  the  amount  given  by  Afp/AT  = KA 
dTIdx,  where  K is  the  thermal  conductivity  of  annealed 
OFHC  (about  10  W/cm.'K  at  4.2  K)’',  A is  the  cross- 
sectional  area  of  the  drift  tube  (6.84  cm-),  and  dT.'dx  is 
10“’  K/cm..  Thus  w'c  require  that  A(p,A/  be  less  than 
6.84  X 10  \V.  This  is  casiK  satisfied  when  no  current 

is  run  through  the  drift  tube;  however,  when  an  axial 
electric  field  is  applied,  power  is  dissipated,  particu- 
larly at  the  junctions  of  the  wires  to  the  drift  tubes. 
Since  the  drift  tube  resistance  at  4.2  K was  4.5  x 10"’ 
n (in  1966),  a current,  /,  of  2 x 10'^  A produced  an 
axial  field  of  lO''"  V/m.  The  power  dissipated  at  the 
junctions  (of  resistance  R,)  at  the  ends  of  the  tube  is 
f-  Rj.  If  we  uquiie  that  the  thermally  generated  electric 
field  be  less  llum  one-tenth  of  the  electrically  generated 
field  in  this  c.ise,  then  R,  must  be  less  than  171  fl,  a 
conditivtn  th;it  is  easily  satisfied.  The  s;imc  requii  einent 
for  the  4.5  x 10“’  V.'m  fieki  produced  when  / is  1 .A  is 
that  R,  be  less  than  0.31  fl.  Contacts  were  maile  with 
copper  straps  w rapped  iiniler  tension  around  the  ends  of 
the  drift  tubes.  The  cunent-cari ying  wires  were  lead- 
covercil  copf'cr  iT  approxim.i'eh  0.1  cm  iliamcier.  The 
superconducting  \;icuum  feeiltliioughs  alsrr  used  lead- 
coveted  copper  comluctors  as  shown  in  Fig.  2.  so  that 
the  total  resistance  was  much  below  O.I  $1.  Ihus  all 


heat  loads  to  the  drift  tube  were  small  enough  to  avoid 
interference  with  the  required  measurements. 

Two  electrostatic  effects  arise  from  the  fact  that  the 
copper  tube  is  oriented  vertically  in  a gravitational 
field.  First,  the  electrons  in  the  metal  walls  redis- 
tribute thcmseh'cs  to  set  up  an  electric  field  that  can- 
cels the  gravitational  force  on  a free  electron  in  the 
tube.’  In  addition,  a much  larger  field  is  expected  be- 
cause of  the  redistribution  of  the  positive  ions  needed 
to  support  their  overlying  weight.®  ’ The  shielding  of  the 
field  at  low  temperature  has  been  demonstrated  experi- 
mentally®'-'’ hut  is  not  well  understood.  The  apparatus  is 
well  suited  to  further  studies  of  thus  effect. 

A calculation  of  the  thermal  fluctuations  in  the  elec- 
tric field'®  experienced  by  the  electrons  travelling 
along  the  axis  of  a 4.2  K drift  tube  appeared  to  show 
that  electric  fields  smaller  than  10“’  V'm  could  not  be 
measured  by  the  time  of  llight  method  described  in  this 
paper.  This  calculation  was  found  to  be  erroneous.  In 
an  erratum"'  the  limiting  electric  field  was  redeter- 
mined to  be  on  the  order  of  10"'’  V/m,  which  no 
longer  affects  the  free  fall  experiments. 

Ill,  REDUCTION  OF  MAGNETIC  FIELD  GRADIENTS 
AND  OTHER  FORCES 

■Spatial  or  temporal  variations.  A/T  in  the  coa\i;il  mag- 
netic field  required  to  constrain  the  electrons  to  the 
center  of  the  drift  tubes  result  in  potential  \ari;itions 
given  by 


Afl>  = 2/x^A/?(/i  -t-  0.5  -t-  (.v,v/2).r), 

where  gt,,  = 0.56  x 10  ® eV/G  is  the  Bohr  magneton, 
t’s  2.0023  is  the  gvromagnetic  r.Oio.  .v  = ^ O..'  is 
the  spin  quantum  numl'ier,  and  n is  a positive  integer. 
The  II  -t  0.5  arises  from  the  st'kitions  to  the  Schiodinger 
equation  for  oibittil  motion  in  the  pl.ine  petpendieular 
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lo  the  niiignctic  field.  The  values  of  n depend  on  the 
collisional  history  of  the  electrons  as  they  are  injected 
into  the  bottom  of  the  diift  tube.  The  distribution  of 
/I  values  is  discussed  in  the  section  on  the  cathode. 
It  suffices  here  to  say  that  most  will  be  greater  than  or 
equal  to  one.  In  any  case  we  require 

AB  < I0'^G/[/i  + '/i  ± g,/4] 

to  keep  ^ 10""  eV.  The  requirements  placed  on 
magnetic  shielding  needed  to  exclude  external  fields,  on 
materials  and  electrical  circuits  used  within  the  shield- 
ing enclosure,  and  on  the  uniformity  of  the  coaxial 
solenoid  were  considered  too  severe  to  ensure  that 
AB  would  be  less  than  I0‘^  G.  This  restriction  may 
be  relaxed  to  allow  AB  as  large  as  1 G for  electrons 
having  n = 0 and  s = -‘/i,  the  ground  state.  A large 
field  gradient  near  the  cathode  u.is  employed  to  assure 
that  slow  electrons  were  in  the  ground  slate.  If  the 
electrons  start  out  in  a high  magnetic  field,  B',  and  at 
the  same  electrostatic  potential  as  that  of  the  drift  tube, 
all  those  not  in  the  ground  state  will  accelerate  as  they 
leave  the  high  field  and  pass  through  the  drift  tube  with 
kinetic  energy  equal  to  - B)[n  + '/2  + 

where  B is  the  magnetic  field  in  the  drift  tube.  The 
ground  state  electrons  actually  decelerate  slightly  as 
they  enter  the  ]o\\  field  region  since  their  kinetic 
energy  changes  by  2/te(B'  - B)[! 2 - gy'4]  a nega- 
tive quantity.  In  the  free  fall  apparatus  B'  was  3000  G. 
It  was  maintained  by  a superconducting  quadrupole 
magnet  consisting  of  two  concentric  cylindrical  wind- 
ings. The  outer  winding  was  allowed  to  go  super- 
conducting in  the  field  B maintained  by  the  3-m-long 
superconducting  solenoid  used  to  constrain  electrons 
to  the  center  of  the  drift  tubes  (Fig.  1).  The  inner 
winding  (i.d.  = 3.2  cm.  o.d.  = 4.7  cm)  was  then  turned 
on  and  allowed  to  go  superconducting  at  the  current  level 
calculated  to  produce  B'  in  the  presence  of  the  oppos- 
ing field  produced  by  the  outer  cylinder  of  the  quad- 
rupole. This  arrangement  ensured  that  the  magnetic 
potential  change  in  727f  of  the  lower  1 m drift  tube  was 
below  0..*'  G (3  X 10  '-  eV  potential  variation  for  ground 
State  electrons). 

A much  better  reduction  of  magnetic  fields  at  long 
distances  from  the  cathode  could  have  been  achieved 
by  allowing  the  outer  winding  of  the  cathode  to  go 
superconducting  at  some  intermediate  value  of  the  inner 
field.  This  was  not  realized  until  recently.  .Allowing 
the  outer  winding  to  go  superconducting  before  turning 
on  the  inner  winding  results  in  an  unnecessary  mag- 
netic trap  extending  into  the  lov^er  drift  tube  for  non- 
ground state  electrons.  .Subsetjuent  decay  of  their 
magnetic  states  (by  raditition  or  collision)  can  result  in 
escape  of  these  electrons  from  the  traps.  This  may  be 
an  important  source  of  that  component  of  fOF  distribu- 
tions tliat  did  not  appe.ir  to  resp>md  to  applied  forces. 
Methods  for  h indliiig  ti  .ipped  electrons  in  the  data  analy- 
sis arc  discussed  in  .Appendix  A. 

Another  uirwantcd  force  associated  with  the  use  of 
magnetic  fields  to  constrain  the  paths  of  electrons 
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results  from  imperfect  alignment  of  the  axis  of  the 
solenoid  with  that  of  the  drift  tube.  .Mechanical  tol- 
erances and  uncompensated  cxtei  nal  fields  w ill  produce 
a finite  angle  between  the  axes  which  will  result  in  the 
electrons  moving  away  from  the  center  of  the  drift  tube. 
An  electron  of  charge  <■  displaced  by  a small  amount 
y from  the  center  of  a conducting  cylinder  of  radius 
a will  experience  a radial  image  attraction  force  given 
by  cE  = ey/477£tA^.  Charges  in  crossed  electric  and 
magnetic  fields  drift  with  velocity  given  by  v =E  x IF 
B‘.  The  additional  motion  leads  to  an  orbital  magnetic 
moment  given  by  /x  = cv^yU_  = e-y-/8Tre,B.-u^  When 
B is  20  G.  a is  2.54  cm,  and  y is  5 x 10"-  cm,  then  is 
0.88  X 10"-’ m- or  0.55  x 10"”  eV/G.  This  is  well  be- 
low the  anomalous  magnetic  moment  so  that  the  result- 
ing interaction  with  field  gradients  will  not  be  important. 
.Since  B and  r are  not  precisely  aligned,  a fraction, 
y/r,  of  the  "radial”  electrostatic  field  is  actually  : 
directed.  We  require  the  field  given  by  E.  = ey-f 
4-£o«3-  to  be  less  than  10""  V/m.  This  holds  if  y is 
less  than  3.4  x 10"'  m.  Since  machining  tolerances  10 
times  smaller  are  readily  achieved,  the  required  align- 
ment was  provided  by  mechanically  supporting  the  mag- 
net frame  with  alignment  collars  attached  to  the  drift 
tube  housing. 

An  orbital  magnetic  moment  results  if  the  electron 
does  not  enter  the  drift  tube  exactly  on  its  axis.  .As  in 
the  preceding  discussion,  this  stems  from  the  lateral 
force  of  attraction  to  its  image  in  the  wall  of  the  drift 
tube,  and  the  same  expression  is  valid  for  the  mag- 
netic moment.  If  we  plan  to  allow'  B-field  variations 
as  large  as  0.1  G.  then  r,  the  distance  from  the  axis, 
must  be  held  to  0.7  cm  to  hold  potential  variations 
to  10""  eV.  Note,  however,  that  the  magnetic  field 
strength  drops  by  a factor  of  about  100  from  the 
electron  emitter  to  the  drift  tube  region.  Since  B.~r  is 
a constant,  the  radius  of  the  emitter  must  be  below  0.07 
cm  if  r is  to  stay  below  0.7  cm  in  the  drift  tube. 

Yet  another  force  to  be  considered  is  that  of  collisions 
with  gas  in  the  drift  tube.  The  particle  concentration  of 
backgro'.ind  gases  in  the  drift  tube  had  to  be  made  low 
enough  to  make  unlikely  any  collisions  that  would 
change  the  energy  of  electrons  b>  more  than  10'"  eV. 
One  reason  for  doing  the  experiment  at  4.2  K was  to  re- 
duce outgassing  from  the  walls,  thus  greatly  reducing 
the  background  gas  pressure.  In  addition  the  cold  walls 
served  as  a pump  by  condensing  all  gases  except  helium 
and  hydrogen.  The  only  gas  likely  to  be  present  was 
helium.  Hydrogen,  whose  equilibrium  vapor  pl  easure  is 
about  10"’'  Ton  at  this  temperature.’'’  is  pumped  very 
efficiently  by  the  ion  pump  used  in  the  experiment  .md 
was  probtibly  present  in  much  smaller  quantities  than 
helium  gas. 

The  interaction  of  greatest  importance  in  detennining 
the  vacuum  requirement  is  the  attr.ietion  of  the  elec- 
tron tev  the  induced  dipole  moment  of  the  helium  .itorn. 
The  dielectric  strength  A'  of  helium  gas  is  about 
1.000065."  The  polarizability  a is  ( A- 1 )t,.'u„.  where 
/!(,  is  Loschmidt's  number,  2.09  x lO"’.  so  for  a helium 
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atom,  is  about  0.21  x 10  F m*.  The  electric  field 
strength  due  tr>  the  electron  is  F = <ilA,:f„r,  where  r 
is  the  distance  from  the  electron.  Thus  the  induced 
dipole  moment  is  given  by  p = uF  = o<//4rre»r^.  The 
potential  of  the  dipole  is  /»  cosO/4rrt„F',  where  li  is  the 
distance  from  the  atom  and  0 is  the  angle  between  the 
observation  point  and  a line  connecting  the  atom  and 
the  electron.  For  the  electron,  of  course,  0 is  0 and  R 
is  r.  The  potential  energy  of  an  electron  near  a helium 
atom  is  thus  -aq-l(ATT6„)-r*.  This  quantity  e.sceeds 
10'"  eV  when  r < 0.72  x 10"’'  cm.  The  cross  section 
(T  for  undesirable  collisions  is  therefore  1.66  x i0''“ 
cm^.  We  want  the  mean  free  path  l//;cr  to  be  greater 
than  li  which  is  90  cm.  the  drift  tube  length.  This 
determines  the  background  pressure.  Ev  idently  we  must 
have//  < Uah  = 6.7  x 10"  cm',  which  corresponds  to  a 
pressure  of  2.9  x 10'"  Torr  at  4.2  K. 

During  most  of  the  experiments  the  pressure  was 
monitored  by  a gauge  in  the  warm  part  of  the  system. 
If  no  condensible  gases  were  involved  we  would  read 
a pressure  in  the  gauge  related  to  that  in  the  drift 
tube  R,i  by  /*„  = (300  4.2)'  - F,,;  thus  the  desired  F„  in 
this  case  is  2.4  x lO*'"  Torr. 

The  vacuum  enclosure  is  constructed  of  inorganic, 
bakcable  materials  ihroi/ghout  to  ensure  that  insulating 
deposits  would  not  foim  on  drift  tube  surfaces.  All 
gaskets  are  indium  or  copper.  I'he  enclosure  sur- 
rounding the  drift  tubes  i.s  copper  with  ceramic-to- 
metal  and  glass-to-metal  feedthroughs  at  the  end 
flanges.  No  ferromagnetic  materials  were  used  in  the 
drift  tube  region.  So  superconducting  loops  were 
allowed  except  the  guide  solenoid  and  cathode  field  sole- 
noids. Magnetic  materials  could  not  be  tolerated  be- 
cause of  the  need  to  keep  B-lield  v ariations  below  0. 1 G 
in  the  drift  tube  region,  fhe  entire  region  below  the 
detector  is  immersed  in  liquid  helium.  The  vacuum 
plumbing  above  the  ileiector  is  .')00-series  stainless  steel. 
An  RO  liter.'sec  ion  pump  is  at  the  top  (Fig.  1).  The 
all  metal  bakeable  valve  is  closed  except  during  the 
initial  “roiigh"  pumping  period.  The  lough  pumping 
system  is  not  oil  free,  but  is  used  for  only  2 h.  during 
which  the  liquid  nitrogen  cold  ir:ip  is  kept  full.  During 
this  rough  pumping  periv'd  the  apparatus  is  kept  at  room 
temperature  or  hotter.  .-X  100  C bakcout  w as  used  w hen 
the  system  was  first  assembled.  The  rough  pumping  is 
continued  to  a pressure  of  about  10  ' Torr.  Then  the 
ion  Dump  is  turned  on.  Once  it  has  degas'-ed  itself  the 
all-metal  valve  is  closed,  .\fter  two  weeks  the  pres- 
stite  drops  to  the  neighboi  hood  rif  10  ' Torr.  Cooling 
of  the  drift  lube  region  reduces  the  piessure  to  v.ilues 
too  small  to  measure  confidently  with  commercial 
gauges  but  ccrlainlj  below  10  " Torr  in  the  warm 
portion. 

The  3-m-long.  I'-cm  diam  guide  solenoiil  is  maile  of 
'upcrcimducting  ni>'l'iuni-/irei'nium  wire  wound  on  a 
titanium  core.  It  is  s[Kcilied  to  be  unifi’im  to  10  ' of 
its  average  field  througluuit  tlte  drift  tube  region.  Use 
of  it  persistent  current,  supereondiieling  ni.ignet  helps  to 
achieve  a time-constant  H (iekl  and  minimi/es  power 


dissiptition  in  the  liquid  helium  bath.  This  stives  liquid 
helium  and  minimizes  thermal  grtidients. 

The  cntii  e assembly  is  supported  by  a cable  wound  on 
a hand  driven  winch  which  is  used  to  lower  it  into  a 
Dewar. 

The  liquid  helium  Dewar  itself  is  5 m deep.  30  cm  in 
diarheter.  It  is  made  of  aluminum  except  for  its  fiber- 
glass neck  tube.  A liquid  nitrogen-cooled  radiation  shield 
surrounds  the  helium  reservoir.  Surrounding  the  Dewtir 
is  a 43-cm-diam  magnetic  shield  made  of  an  inner 
layer  of  Netic  and  an  outer  layer  of  CoNetic.  The 
outer  layer  shields  the  inside  from  external  fields. 
The  inner  layer  prevents  the  relatively  high  fields 
used  in  the  experiment  from  saturating  the  CoNetic. 
The  shields  are  reasonably  round  and  uniform  (=0.2 
cm)  and  extend  well  beyond  the  drift  tube  so  that  they 
do  not  degrade  the  uniformity  of  the  guide  solenoid. 
The  shields  are  periodictilly  degaussed. 

IV.  CATHODE 

The  requirements  on  the  cathode  are  ( 1)  that  there  be 
an  observable  number  of  ground-state  electrons  as  low 
in  energy  as  10'"  eV,  (2)  that  the  electrons  be 
emitted  in  pulses  of  width  equal  to  10'^  sec  or  less 
and  at  no  other  time.  (3)  that  not  much  heat  be  in- 
troduced into  the  system,  and  (4)  that  very  little 
gas  be  emitted  in  operating  the  cathode.  The  luim-’l  'hooe 
emitters-^  satisfy  these  criteria.  Those  provide  o 
us  by  J.  W.  Hall  of  General  Electric  Laboratories 
and  similar  devices  built  in  our  own  hih  consist  of  a 
layer  of  aluminum  oxidized  to  a depth  of  roughly 
75  .K.  covered  in  turn  by  an  evaporated  gold  layer 
iiboul  100  A thick.  .-\  positive  voltage  (2-6  V)  applied 
to  the  gold  laver  causes  electrons  from  the  aluminum 
to  tunnel  into  the  unoccupied  conduction  band  of  the 
o.xide  layer.  Currents  of  3 m,‘\  and  pulse  widths  of  I 
msec  are  easily  maintained  without  degrading  the 
cathode.  Most  of  the  electrons  are  stopped  in  the  gold 
layer,  but  a small  fraction  (typically  10  ' for  sus- 
tained pulsed  opei'ation)  passes  througit  the  gold  into  the 
vacuum.  .A  space  charge  removal  aperture.  1 mm  diam- 
eter and  typically  op<  r;itcd  at  -t-30  V,  was  placed  about 
2 mm  above  the  tunnel  diode.  A grounded  aperture  was 
placed  just  above  the  first  aperture  to  reduce  field  pene- 
tration into  the  rlrift  tube  region.  The  kinelic  energy 
distribution  of  the  electrons  and  the  fraction  in  the 
ground  sttite  have  been  shown’’  to  satisfy  iciiuire- 
ment  (I)  for  the  cathode.  'I'lii-  tirguinent  is  initlined 
below. 

Under  the  conditions  discussed  above,  the  c.ithode 
emits  about  2 10'’ electrons  per  pulse.  I heir  energies 

arc  distributed  with  a roughly  (b.ernial  rlisti  ibution 
characteristic  of  3i'i'0  K bec.uise  of  ci'llisions  sufl'eierl 
in  the  goKI  and  aluminum  oxisle  l.iyeis  of  the  s athode.-' 
The  corresponding  eneigy  disti  ibntion  half  vv.ilth  is  v>n 
the  Older  of  0.3  cV.  1 he  voltage  bvivveen  diiit  tube 
.md  ctithiide  emitting  surface  is  set  sii  th.  t electrons 
ne.ir  the  pe.ik  c'f  the  ilistiibutu'n  p.ass  with  almost  .'cro 
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Fig.  3.  Potentials  seen  by  clecirnn  as  it  passes  through  the  free  fall 
apparatus  (shown  schematically  along  the  abscissa).  In  the  TOF 
mode  r,  is  adjusted  so  that  the  kinetic  energy  (KE)  is  large  in  the 
movable  drift  tube. 


kinetic  energy  over  the  potential  hill  presented  by  the 
drift  tube.  Since  only  TOFs  longer  than  10"^  sec  are 
recorded,  an  energy  range  less  than  10'^  eV  is  sampled 
from  the  distribution.  In  this  range  the  number  A,V 
passing  over  the  potential  ma.ximum  in  the  drift  tube 
with  energy  AU'  or  less  is 

AA/  = C^’o^W,  (1) 

where  C is  a constant  depending  on  the  characteristic 
temperature  and  how  close  to  the  emission  peak  the 
voltage  between  drift  tube  and  cathode  can  be  set.  and 
A/o  is  the  total  number  of  electrons  emitted.  To  obtain 
a rough  estimtite  of  A.V/.Vo  we  note  that  AA7/V,,  is 
about  1 when  AU'  is  0.3  eV,  so  AAVA'o  is  AU70.3  eV. 
Thus  to  get  one  electron  w ith  energy  of  10”"  eV  or  less 
requires  th;it  A^o  e.xcced  3 x 10'“  electrons.  The  frac- 
tion in  the  ground  state  is  approximately 
s 10^^  when  li  is  3000  G and  T is  3000  K.  Thus. 
3 X 10''*  electrons  would  he  required,  or  about  10’’ 
pulses.  If  the  pulses  arc  emitted  at  l-sec  intervals  (to 
permit  the  full  TOF  distribution  to  he  obtained)  it  would 
take  30  h of  dat:i  collection  to  get  a reasonable  prob- 
ability of  collecting  one  electron  with  10"  or  less 
under  the  assumptions  made  ;tbo\e.  llo\\ever,  the 
emitted  electrons  are  not  frozen  in  temperature  after 
leaving  the  ctithode.  Because  of  the  Coulomb  force,  they 
continue  to  intertict  as  they  enter  the  drift  tube.  The  high 
velocity  electrons  leave  quickly,  so  the  intertiction  is 
taking  place  between  relatively  low  energy  electrons. 
The  charactet  istic  temportiUire  may  be  much  Unver  th;in 
that  of  the  emitted  distribution  and  continues  to  decrease 
with  lime  after  the  initial  emission  from  the  cathode  un- 
til only  two  or  fewer  electrons  lemain.  Conseciuenth' 
the  number  of  low  energy  electrons  is  enhanced  con- 
siderably. evidence  for  this  enhancement  is  pros  iiled  by 
the  TOF  disti  ibutions  discussed  in  the  next  section. 

V.  TIME-OF-FLIGHT  METHOD 

The  directly  mc.isiued  qu.mtity  in  this  experiment  is 
the  dislribuli(>n  t>f  elcctum  llight  times.  .Such  ilisti ibu- 
tions may  be  measured  for  v .irioiis  uniform  applied  elec- 
tric ficlils,  A'|.  produced  by  running  currents  axially 
along  the  ilrift  tube.  The  expected  effect  on  the  TOF 


distribution  is  obtained  in  general  from  the  eneigy 
integral 

(2  / ).  in' - 

and  Eq.  (1).  V'(z)  is  the  potential  in  the  drift  tube,  V^'. 
the  electron  total  energy,  is  always  greater  th.in  (/Wr). 
over  the  length  h of  the  drift  tube.  Outside  the  dntt 
tube  tv  — qV{-^)  is  so  large  that  the  contribution  to  r 
may  be  ignored.  If  we  assume  that  V’(:)  = and 
neglect  other  contributions  such  as  fringe  fields,  then 
Eq.  (2)  yields 
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The  time  differential,  given  by 


AW(r) 


= ( 


m/i* 
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At, 


may  be  used  in  Eq.  (1)  to  give 


AN  I 
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These  expressions  are  valid  only  for  / < (2mhlciE,)''‘, 
since  Itirger  values  would  imply  negative  values  of 
H'  - qV{z)  which  prevent  the  electron  from  reaching  the 
detector.  The  term  is  dominant  throughout  the  dis- 
tribution except  at  the  cutoff  time  i = {2mli'qE,V  -. 
so  it  is  clear  that  C is  negative.  While  the  r"  be- 
havior was  observed  in  some  distributions,  a slower 
dropoff  (i.e..  with  a < 3)  was  more  ty  pical.  Com- 
puter fils  to  the  distribution  that  account  for  the  fringe 
fields  in  the  drift  tube,  the  tipplied  force,  the  pt'ssibility 
of  electron  detention  in  potential  traps,  and  a constant 
background  of  noise,  are  discussed  in  .Appendix  -A. 
They  gave  vtilues  of  o from  1.6  to  2.1  fot  the  dis- 
tributions actually  used  in  determining  the  elTective 
force  in  the  drift  tube.  The  remaining  discussion  of  the 
TOF  method  is  concerned  with  the  ciecuical  circuitry 
and  procedures  used  in  data  collection. 

The  TOF  method  requires  only  one  vlrift  tube  ;md  is 
therefore  not  sensitive  to  smtill,  timewise  v;iiiations 
in  potential  relative  to  the  remaining  portions  of  the 
apparatus  where  the  electrons  :ire  moving  fast  (see  po- 
tential liiagr.am.  Fig,  3).  ,A  direct  cun  cut  sotircc  is 
required  to  produce  the  axial  electric  ficUls  fiom  10  " 
V.'m  to  10  “ Vmi  which  are  ai'plietl  to  the  moving 
electrons.  The  drift  tube  resistance  ;it  4.2  K was  found 
originally  to  be  4..s  x lO'"  H using  a four-wire  hvH't.up 
w hich  eliminated  most  of  the  prviblems  of  lead  resistance 
and  thermal  emf,  (Several  years  I'f  theimal  cycling  have 
raised  this  value  by  ;i  f.ictor  (if  2.)  The  cuncnis  re- 
quired thus  r.mged  from  10  ’ to  2 .A  with  10''  ac- 
curacy re(|uired  at  the  lowest  r.mgc.  Since  it  w.is  iii't 
known  (I  priori  that  the  intrinsic  electiic  field  in  the 
drift  lube  would  be  small,  it  had  to  be  ;issiimed  that 
the  smallest  Ibrcc  on  the  electron  might  t'ceur  when 
a large  current  w;is  applied  (to  cancel  the  inliinsic 
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field).  This  required  th.it  the  e;>rient  supply  be  stable 
to  10'*  A even  when  punidine  2 A.  A I'lukc  model 
382A  was  used  for  this  put  pose.  As  noted  in  the  sec- 
tion on  reduction  of  clectiic  liclils,  it  \sas  important 
to  minimize  the  heat  ijcncrated  in  the  le.id-in  wires, 
so  supercondueting  wires  (lead-covered  copper)  were 
used  within  the  vacuum  enclosure.  The  lead-in  wire 
going  to  the  lop  of  the  drift  tube  was  straight, 
parallel  to  the  drift  tube  axis  and  as  far  from  it  as 
possible  (about  4 cm)  to  minimi/e  the  transsersc  mag- 
netic field  that  would  be  felt  by  drifting  electrons 
when  current  was  being  cariied.  .-\t  a 4 cm  separa- 
tion a current  of  2 .A  in  the  wire  produces  a trans- 
verse magnetic  field  of  10''  G.  '^hich  adds  vectorially 
to  the  axial  field  of  20  G to  move  the  electrons 
0.4  cm  away  from  the  axis  after  MO  cm  of  travel.  From 
the  discussion  in  Sec.  Ill  the  allowable  limit  is  0.033 
cm,  so  currents  higher  than  0.  l.s  .A  can  be  used  only 
if  the  total  resultant  applied  force  on  the  electron 
exceeds  100  mg  (6  x lO'"  V/m).  The  remaining  cir- 
cuitry for  the  time-of-l1ight  mode  is  conventional  and 
shown  schematically  in  Fig.  4.  ramp  voltage  trig- 
gers successively  the  following  electronic  functions; 

(1)  quenching  of  the  detector  b\'  shorting  (he  first  two 
dynodes  to  ground  to  prev  ent  o\  erloading  by  the  initial 
burst  of  elections.  (2)  emission  of  the  electrons  from 
the  cathode.  (3)  reactivating  the  detector,  and  (4i  ini- 
tiation of  the  multichannel  sc. ding  in  100  or  400  suc- 
cessive channels  (counting  for  .t  preset  time  of  20-2000 
/isec  in  each  channel).  When  the  multichannel  analyzer 
(MCA)  finishes  scaling  in  its  last  channel,  it  puts  out  a 
pulse  which  is  used  to  initiate  another  ramp  so  that  the 
cycle  is  repeated.  This  is  continued  for  some  preset 
time  or  until  data  eollection  is  tciniinated  manually. 
In  recent  experiments."'  a timer  circuit  was  used  in 
conjunction  with  the  MC.A  and  the  drift  tube  current 
supply  to  collect  da.ta  succcssivelv’  under  four  different 
values  of  electric  field  in  the  drift  tube.  The  I'OF 
distribution  for  each  electric  field  was  stored  in  iOO 
channels  of  the  400  av  .lilanle.  This  w as  done  to  a\  erage 
otit  effects  of  slowly  varving  ' ondi'.itvns  (e  g.,  liquid 
helium  level,  building  ntiisc)  in  the  experiment.  The 
electric  field  was  changed  every  10  min  but  data  were 
collected  for  several  hours,  so  that  I'OF  distributions 
fevr  each  applied  force  were  obtained  under  roughh' 
simil.ir  coiuliliisns.  It  was  found  to  be  helpful  to  turn 
off  the  ion  pump  during  data  collection  to  avoid  I'cc.a- 
sional  noise  counts  from  ultravii'let  light  emitted  from 
the  pump.  'Ihis  had  no  observ.ible  effect  on  the  pies- 
suie  when  the  system  w.is  helium  cooled. 

VI.  MOVABLE  DRIFT  TUBE  METHOD 

Two  criticisms  of  the  I Ob  method  of  me.isiiiing 
ui.i,’  on  cleetrons  (or  posidoiisi  aie  (I)  its  require- 
ment that  the  electric  fields  due  to  p.ilches  and  oihcr 
surface  iiregulai  ities  be  shielded  by  .m  empiiic.illy 
verified  but  theoi etically  tinexpl. lined  mesh.mism.  and 

(2)  the  inability  ti>  lepeat  the  experiment  with  the 
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Fic.  4.  Block  diagram  of  electrical  system. 


apparatus  inverted  to  ensure  that  nongravitaiionally 
induced  fields  were  not  inherent  in  the  system.  These 
deficiencies  can  be  corrected,  at  the  expense  of  intro- 
ducing a large  electrostatic  trap  in  the  path  of  the 
electrons,  by  placing  a movable  drift  tube  between 
the  stationary  (lower)  drift  tube  and  the  detector,  as 
shown  in  Fig.  I.  The  difference  between  the  kinetic 
energy  of  a particle  of  charge  r/,  mass  .\/  in  the 
upper  tube,  and  that  in  the  lower  tube  is  given  by 

AA'/f  = c/(V,  - F()  - + mg.xqlc  - Mgx.  (6) 

where  c is  the  electron  charge,  m the  electron  mass. 

is  the  applied  voltage  across  the  resisior  which 
electrically  couples  ihe  tubes,  and  and  are  the 
intrinsic  potential  maxima  of  the  upper  and  lower 
tubes,  respectively  (Fig.  3).  and  V,  depend  on  con- 
tact potentials,  tube  dimensions,  and  strain-induced 
potentials,  but  not  evn  the  spatial  separation,  .v,  i>f  the 
potential  maxima  in  Ihe  iwo  lubes.  Note  in  pariicular 
that  the  strain  potential  iloes  not  change  with  the  posi- 
tion of  the  upper  tube  to  the  extent  that  g is  con- 
stant over  the  dimensions  of  liic  experiment.  The  term 
-mgxq/e  is  the  Schiff- Barnhill  potential,'  w hich  must 
arise  if  the  lubes  are  electrically  connccied.  Note  that 
for  an  electron,  we  expect  -mgxq/v  - .\/e.v  = 0.  but 
for  a positron  with  luvrmal  gravitational  properties 
- mgxqjc  + Mgx  - 2 mgx. 

The  principle  of  this  method  is  that  V,  can  be  ad- 
justed until  AA7:  = 0 and  that  when  AA7'  ■ 0 ihe 
number  of  slow  clecirons  re.aching  Ihe  deiecior  is  maxi- 
mized rcgaixlless  of  the  shapes  of  the  potential  hills  in 
the  upper  and  lower  tubes.  The  slow  election  count  is 
greater  when  the  electrons  are  forced  to  move  slowly  in 
two  pails  of  Ihe  apivaratus  rather  than  one  .is  can  be 
seen  by  incrc.isiiig  h in  Fq.  (5). 

Ihe  movement  of  the  upper  lube  must  be  .icci'm- 
plishevl  without  introiliicing  additional  unkiuvwn  poten- 
tials. 1 hese  could  tiiise  fn'in  changing  the  positi»m 
or  angle  of  the  tixis  of  the  tube,  lesulting  in  forces 
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Fig.  Circuil  diact.im  of  drift  liihc  bias  and  filler. 

caiibcd  by  finite  values  of  t discussed  in  See.  III.  To 
prevent  excursions  in  ,v  of  more  than  aliuut  0.2  mm.  the 
tube  was  constiained  laterally  by  ball  hearings  held 
firmly  against  the  walls  of  the  copper  \ aciium  enclosure 
by  copper  rticcs  attached  directly  to  each  end  of  the 
drift  tube.  The  upper  tube  w as  suspended  from  a ceramic 
coupling  by  a long  stainless  steel  cable  attached  to  a 
drum  in  the  warm  part  of  the  sxstem.  The  drum  was 
coupled  to  an  external  crank  thiough  a commercial 
bellows-wobble  stick  rotary  motion  feedthrough.  Tem- 
perature changes  could  aNo  introduce  changes  in  po- 
tential. The  ball  bearings  were  made  of  ceramic  for 
thermal  and  electrical  insulation.  ,-\  flexible  copper 
strap  tirrangement  provided  thermal  contact  to  the 
helium  baih  at  the  base  flange  of  the  lower  drift  tube 
regardless  of  the  position  of  the  upper  tube,  fhe 
flexible  copper  had  a cross  section  equi\alent  to  a 0.6- 
cm-diam  copper  rod.  a length  of  .1  rn.  and  was  ther- 
mtilly  coupled  to  the  base  tlangc  through  sapphire  to 
provide  electrical  insulation.  The  flexible  portion  of  the 
copper  had  to  be  kept  taut  at  all  times  to  prevent  elec- 
trical contact  with  the  \ acuum  enclosure.  This  was  done 
with  a pulley  and  spring  ariangement.  Resistance  thei- 
mometers  vsere  installed  at  each  end  of  the  upper  tube 
to  determine  whether  the  upper  drift  tube  was  indeed 
in  good  contact  with  the  helium  bath.  The  wires  to 
these  resistors  hail  to  be  insul.iled  from  e\er\thing 
else  with  small  glass  beads  and  run  over  a separate 
set  of  pulleys.  This  arrangement  eventmilly  broke  ;md 
has  since  been  remmed.  However,  while  it  was  still  in- 
tact they  showed  thtit  the  upper  drift  tube  was  in 
excellent  contact  with  the  helium  b;ith.  F-in;tlly  it 
was  necessary  to  ensure  th;it  spatial  vtiriations  of  the 
magnetic  fielil  were  as  small  over  the  entire  trtivel  of  the 
upper  tube  (I  ml  as  those  discussed  in  Sec.  3. 

The  electrical  circuit  for  the  movtible  drift  tube  mode 
is  shown  in  1 ig.  4.  The  potential  diffeicnce  between 
upper  anil  lower  tubes  is  tidiusted  by  changing  the  cur- 
icnt  !.  thiough  R..  the  O.SS  ■'  10  ■ fj  resistor  connect- 
ing the  tubes.  The  lesisiance  could  not  be  larger  than 
10  ■ {}  without  intiodiicing  excessive  .lohnson  noise 
(>|0  " V)  at  the  highest  fiei|uencies  lit)''  M/1  that 
might  affect  the  cxpeiiment.  Ihe  lather  high  frci|uencv' 
stems  from  the  powibilitv  that  the  potentitils  in  the  two 
lubes  are  peaked  so  that  election  travel  time  ticross  the 
pciiks  would  be  veiv  fast  | — 10  ' sec).  .Since  it  must  be 
possible  to  ■'lemove"  the  upper  tube  elecli ictilly  for  the 


TOF  mode  by  applying  tit  letisl  0.01  V (positive  for  elec- 
trons), a 0.1  n resistor  is  tilso  in  the  circuit.  It  mtiy  be 
shorted  out  by  a superconducting  switch.  Ihe  switch 
consists  of  a 0.1  Cl  resistor  in  ptirtillel  with  ;i  long  length 
of  Icad-pltilcd  rhenium  wire.  The  length  is  noninduc- 
tively  wound  tind  plticed  inside  a small  solenoid.  When 
magnetic  fields  above  the  critical  field  for  letid  are 
applied  by  running  current  in  the  solenoid,  the  switch  is 
‘‘open"  to  a value  much  Itirger  than  0.1  fl.  Closing  the 
switch  is  accomplished  by  turning  off  the  solenoid  cur- 
rent. This  allows  the  circuit  to  be  used  in  Ihe  movable 
drift  mode,  since  there  is  po  Johnson  noise  across  the 
superconductor. 

The  most  severe  electrical  problem  for  the  movable 
drift  tube  method  stems  from  noise  in  the  circuit  that 
mtiintains  the  bitis  of  tipproximatcly  0.01  \'  or  higher 
between  the  drift  tubes  ;md  the  vacuum  housing,  elec- 
trons see  the  housing  ;is  ihcv-  traverse  the  gap  between 
the  drift  tubes.  If  the  drift  tube  bias  voltage  changes 
during  the  time  of  the  traverse  (-  10'^  sec)  the  electron 
energy  will  chtmge  ticcordingly.  nullifving  Ihe  abilitv  to 
match  the  drift  tube  poteniitils.  The  potentials  tire  to  be 
matched  to  10~"  V tuid  frequencies  on  the  order  of  10' 
Hz  arc  of  greatest  concern.  Noise  at  lower  frequency 
will  have  proportionately  smaller  effect  on  the  elect.'-ons 
because  they  will  go  from  one  tube  to  the  other  w hile  the 
noise  voltage  has  ranged  through  only  a fraction  of  its 
full  timpliuide.  Noise  at  frequencies  well  above  the 
reciprocal  of  the  transverstil  time  will  tend  to  average 
out  tis  the  electron  moves  from  the  region  enclosed  bv 
the  vacuum  tube  to  that  enclosed  b\'  the  drift  tube.  Thus 
we  must  have  a 10*-  V dc  suppiv  with  less  than  10  " 
V rms  noise  in  the  10’'- 10’  Hz  range. 

Consider  the  circuit  in  Fig.  5.  The  voltage  is  to  be 
developed  by  sending  current  / through  resistance  R,. 
I is  limited  by  the  need  to  not  dissipate  loo  much  power 
in  the  helium  btith  thtit  cools  R^.  The  capacitor  C sliunts 
the  high  frequency  Johnson  noise  in  /\’,.  The  Johnson 
noise  voltage  ticross  a complex  impedance-'  is 

< V=)  [^’4ArRc  (/)<//,  (7) 

where  Re(/)  is  the  real  part  of  the  complex  impcdtmcc. 
F'or  the  parallel  RC  circuit  we  have 

Rc(/)  = /?/(]  + R^C-Att'P). 

Integrating  F,q.  (7)  gives 

■'IT 

(\'2)  = 2^ iUin  'Irrf  Ji.C  - tan* ’2:rf,/v,C). 

ttC 

For  large  values  of  2- f,  RC  this  simplifies  to  (8) 


< T=)  = 


1 
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Hcforc  choosing  v tilucs  for  R,  tmil  C,  other  limitations 
imposed  bv  exieinal  circuitry  must  be  extiinincd  'fhe 
cuireni  / will  htive  low  impcdtmcc  noise  fiom  the  supply 
(on  the  order  of  lO*'  ,-\)  plus  ihci moelecti ic.iHv  gen- 


crated  noiNC  ami  pickup  of  electromagnetic  radiation  in 
the  wires  and  junciions  hetween  the  4.2  K network  and 
the  room  temperature  electronics.  I'he  KC  circuit  serves 
as  a filter  for  the  noise  from  these  sources  which  we  shall 
assume  to  he  10'^  .A  at  /,  = lO’  Hz.  If  these  variations 
in  current  are  sinusoidal,  the  resulting  rms  voltage  fluc- 
tuations arc 

2(1  + - 4nfC  ' 

Itt/RO  1.  (9) 

This  suggests  that  a very  large  capacitor  is  desirable. 
So  far  the  Johnson  noise  across  the  resistances  of  the 
wires  R^  has  not  been  considered.  R^  must  be  smaller 
than  )0‘‘  f)  to  avoid  c.xcceding  10  " V Johnson  noise. 
Consequent!)'  all  interconnecting  u ires  from  the  filter  to 
the  drift  tubes  and  housing  were  made  of  (superconduct- 
ing) lead-plated  copper.  The  drift  tubes  and  housing 
themselves  had  sufficiently  low  resistance  (below  10"'' 
fl).  The  connections  from  the  wires  to  the  drift  tube  and 
the  housing  w ere  made  by  superconducting  clamps  (split 
to  avoid  forming  a closed  current  loop  around  the  drift 
tubes).  The  plates  of  the  capacitor  itself  hail  to  be  super- 
conducting for  the  same  reason  that  the  interconnecting 
wires  did.  This  placed  a \ olumc  constraint  on  the  capaci- 
tor since  it  had  to  fit  inside  the  Deutir.  The  hugest 
practical  size  using  a hank  of  rolled  capacitors  (lead-tin 
and  Mylar  sheet)  \\:is  about  400  /zF.  The  resulting  rms 
noise  voltage  :it  / = 10'  Hz  in  Tq.  (9)  is  2 x 10'"’  V. 
This  was  reiluced  by  a large  factor  for  noise  from  high 
impcdtince  sources  by  the  series  resistor  R,.  The  intro- 
duction of  R:  (necessarily  inside  the  helium  btith) 
placed  a constraint  on  how  fast  (he  voltage  across  /^, 
could  be  changed.  The  time  constant  C7T  must  not  ex- 
ceed a few  minutes  if  the  bias  level  is  ever  to  stabilize 
during  the  experiment.  Thus  R-.  mast  be  on  the  order  of 
10®  n or  lower. 

The  requirement  that  {\”)  rz  10'--  in  Eq.  (8)  at 
/,  = 10’'  Hz  is  consistent  with  C = 40(1  /xF  at  4.2  K if 
> 3 fl.  A value  of  R,  ~ It)'  fl  \s;is  found  to  be  consis- 
tent with  all  the  above  criteria  ;ind  \\  ith  low  power  dis- 
sipation. 

The  inductances  associated  with  the  superconducting 
wires  in  Fig.  5 have  not  \ et  been  included  in  the  cttlcula- 
tion  of  Johnson  noise.  The  Johnson  noise  in  a purely 
reactive  circuit  clement  is  zero  so  the  inductance  of  the 
superconducting  leads  from  R,  to  the  drift  tubes  and 
vacuum  housing  does  not  contrib'ute  noise.  However 
the  inductance  in  the  ctipacilor  leads  is  part  of  the  filter 
and  is  the  dominant  reactive  element  ;it  frequencies 
above  10'  Hz  if  v.c  assume  a lead  inductance  of  ;ibout 
l..‘i/xH  for  ;i  l-m-long.  1-nundiam  wire.  If  we  include  the 
inductance  in  the  capacitor  leads,  the  complex  impe- 
dance is  gisen  by 

z = - <WO'T  _ 

/?,’  \ '\2»fL-  XlViO  'Y  • 

\Ah  RAlr.fL  - (2rr/C)-'] 
R,^  + I27r/L  - (277/C)-'P 


If  we  neglect  Ml-nfC  relative  to  lirfL  ;md  make  the 
approxiimition  27t T//f|  x/<  I , then  the  Johnson  noise 
is 


(10) 


If  the  upper  frequency  of  concern  is  10®  Hz,  R,  is 
10'  n.  L is  1.5  /xH.  and  T = 4.2  K,  then  is  2.6 

X lO’*®  V.  Reactive  elements  of  the  noninductively 
wound  wire  resistor  A’,  were  considered  to  be  of  lesser 
importance.  It  is  clear  from  Eq.  (10)  that  a gretit  ad- 
vantage can  be  gained  by  reducing  L.  \ (actor  of  10 
reduction  might  be  achieved  by  redesign  of  the  existing 
capacitor  bank  and  its  connection  to  A,. 

The  inductive  leads  to  the  superconducting  capacitor 
also  seriously  impair  the  filtering  captibility  of  the  net- 
work in  Fig.  5.  .-\  noise  current  source  of  10  ' A at  10”  Hz 
would  produce  tibout  6 x 10“'  V noise.  On  the  other 
hand,  when  the  noise  is  from  a high  impedance  source, 
the  resulting  noise  voltage  is  divided  by  2-fLiR-,,  so  that 
noise  in  the  room  temperature  electronics  up  to  10“'  V 
can  be  tolenited.  It  is  clear  that  further  efforts  to  use  the 
free  fall  appartitus  in  the  mosable  drift  tube  mode  will 
require  careful  attention  to  this  problem.  The  results 
from  the  original  effort  to  operate  in  this  mode-  were 
promising  but  required  much  longer  integration  times 
than  expected  because  of  noise.  This  appetms  to 
have  resulted  from  noise  current  sources  introduced  by 
the  power  supply  used  for  the  relative  drift  tube  biasing 
(A,  in  Fig.  4).  Reduction  of  common  mode  noise  by  use 
of  additional  filtering  in  the  room  temperature  portion 
of  the  electronics  appears  to  be  a feasible  solution  to 
(he  problem. 


VII.  FURTHER  APPLICATIONS  OF  THE 
APPARATUS 

Recent  experiments  by  Lockhart"  using  the  TOF 
method  with  the  free  ftill  ;ippar:itus  and  imprined 
methodology  ha\e  \crified  the  shielding  of  the  patch 
field  ;md  the  strain-induced  held  ;it  4.2  K.  A modihc;i- 
tion  which  permits  temperature  control  of  the  lower 
drift  tube  enabled  him  to  dcmonstrtite  that  the  shielding 
disappears  at  liighcr  temperatures.-'  .-\  source  of  slow 
positrons  is  being  developed.  It  is  expected  to  perform 
free  fall  experiments  on  positrons  with  appropriate 
modifications  to  the  original  electron  free  fall  apparatus. 


APPENDIX:  FIVE  PARAMETER  FUNCTIONS  FOR 
COMPUTER  NONLINEAR  LEAST-SQUARES  FIT 
TO  TOF  DATA 

In  this  appendix  an  electron  TOF  distribution  lunction 
is  derived  for  a source  containing  a mixture  of  cooling 
clcclrons  (inleracting  as  they  expand  ag.u'nsi  (lie 
Coulomb  force  of  receding  electrons)  and  trapped  elec- 
trons. The  distribution  law'  [Eq.  (.'s)]  in  Sec.  V max  be 
integrated  from  r to  inhnily  to  give  :in  equation  of  the 
form 


A'(t)  = A(r<  - htr  - /).  (11) 
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LEAST  SQUARES  FITS  FOR  THREE 
DIFFERENT  APPLIED  FORCES 


where  h is  qE/Znih.  and  /L  is  0 if  / exceeds  ,V(f) 
represents  the  total  number  of  electrons  airiving  after 
time  t until  (Fmas  is  chosen  to  he  several  times  h ' 

/ represents  constant  background  noise.  It  wouki  have 
appeared  as  a constant  in  Eq.  (,s)  had  noise  been  con- 
sidered. A is  determined  from  tiie  total  number  of  elec- 
trons in  the  distribution.  We  now  generalize  h to  include 
all  constant,  uniform  forces  in  the  drift  tube  by  making  it 
a free  parameter.  We  also  allow  c to  he  a free  parameter 
to  account  for  the  cooling  of  the  electrons  as  the  initial 
pulse  expands  in  the  drift  tube. 

So  far,  NU)  does  not  inckule  the  effect  of  trapped 
electrons  escaping  after  i = 0.  We  will  account  for  them 
now  by  assuming  that  all  electrons  are  trapped  (at  least 
for  a very  short  time)  and  escape  tit  time  r with  proba- 
bility Pi-).  Then  the  TOP  distribution  function  becomes 

N(t)  = ('/1(/,t)[(/  - t)-  - hit  - t)F 
Jo 

X P{t)J-  + /( 

^ max  ^ ),  (12) 

where  /L  is  a constant  for  / - r < *.  and  4 = 0 for 

t - > b-'  \ 

Two  forms  for  Piz)  tire  contmon  for  the  escape  of 
particles  from  trtips.  One  is  an  exponeniitil  function; 
it  is  appropritite  when  the  piobtibility  of  reletise  is 
directly  proportional  to  the  number  of  particles  remain- 
ing in  the  trtip.  .Another,  tippropritile  to  escape  resulting 
from  collisions  bet'.seen  particles  in  the  ti.ip.  is  a power 
law  whose  exponent  depends  on  the  number  of  particles 
invohed  in  the  collision.  The  latter  was  chosen  heie  tmd 
the  exponent  d was  allowed  to  be  a free  ptirtimeter. 
Thus  we  htise  /'(r)  = t"'. 
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An  tidditiontil  moilifictition  to  the  tiisli ibiition  function 
is  required  to  properly  ticcount  for  the  lact  Ihtit  the 
electric  field  outside  the  drift  tube  peneti.iies  inside  as 
discussed  in  Sec.  II.  This  requires  insciiing  a better 
approximation  to  V'(:)  in  Pq.  (2).  The  most  significant 
contribution  to  the  TOF-  will  come  where  the  electron 
moves  most  slowly.  If  there  is  some  constant  force 
f --  qE,  then  the  maximum  potential  comes  at  one  end  of 
the  drift  tube  where  we  approximate  the  junction  of  the 
exponentially  decaying  penetrating  poienlial  e ^ " 

and  the  linear  potential  tiEz  by  the  quadratic  A,(:  - 
where  z„,  is  the  point  w here  the  electron  is  moving  most 
slowly.  The  time  spent  by  the  electron  while  moving 
over  this  region  is 


I m dz 

I T j Jo  [W  - k(z  - 


(13) 


where  7,  is  the  location  where  the  linear  potential  begins. 
Thus  the  effective  length  of  the  drift  tube  is  reduced  to 
h — z,.  The  constants  A and  are  deter.mined  from 
known  potentials  and  the  geometry  of  the  experiment. 
5 may  be  treated  as  a small  correction  to  the  TOF-,  r - 
so  that  the  energy  integral  for  the  conditions  used  in  the 
experiment  is 


/ — T = 5 + 


dz 

+ qEiz  - z,„  - 0.208u)]'  = 


and  may  be  inverted  (approximately)  to  give 
W = -0.208  aqE 

2 (/  — T X 8)  2/n 


(Id) 


The  right  side  of  Eq.  (14)  may  be  substituted  for  the 
tcrm[(F  - t)"‘  — hit  — r)]*  in  Pq.  ( 1 2).  Integration  must 
be  done  iteratively  since  8 is  a function  of  U [see  Pq. 
(13)].  The  distribution  function  may  be  compared  to  the 
data  by  using  a nonlinear  least- scpiares- fit  computer  pro- 
gram to  adjust  the  xalues  of  h.  c.  </.  and /to  give  an 
optimum  fit  by  the  chi-st|uarc  test.  Initial  estimates  for 
the  parameters  must  be  pros  ided  to  use  such  a program. 

EIECFRON  flUX  vs.  ARRIVAl  IJ.ME 


Fig.  7.  .V'u)  vs  lOF  cump.ircJ  with  ilaui. 
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Tliis  was  done  by  using  Ihe  diffcicniia)  disirihution  func- 
tion N'U)  ~ <V(r  + A/)  - ;V(/)/A/  at  small  values  of  t 
to  determine  </  and  c and  at  the  laigest  values  to  deter- 
mine /.  The  parameter  A is  determined  from  d.  c,  f.  and 
the  empirical  value  of  \’U)  for  some  small  values  of  t. 
The  parameter  h could  have  been  estimated  by  using  the 
applied  force,  but  to  avoid  prejudicinc  the  answer  it  was 
initialized  at  zero.  The  answer  obtained  by  this  pro- 
cedure is  not  necesstirily  unique  because  chi-square  has 
more  than  one  minimum  for  a nonlinear,  multiparamcter 
function.  Howeser.  by  initializing  h at  zero  and  using 
the  first  deep  minimum  in  the  chi-semare  test,  the  same 
physical  significance  could  be  aii.iched  to  the  determina- 
tion of  h from  each  data  set.  Plots  of  the  function  ,V'(t) 
for  several  values  of  h and  typictil  values  of  A . c.  </.  and  f 
are  shown  in  F'ig.  6.  compulci  nl  of  ,V'(t)  to  actual 
TOP  data  is  shown  in  fag.  7.  This  is  one  of  numerous 
fits  used  to  establish  that  the  force  of  gravity  on  electrons 
in  a vacuum  is  the  same  as  that  inside  a metal. 
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APPENDIX  A3 


Experimental  Evidence  for  a Temperature-Dependent 
Surface  Shielding  Effect  Inside  a Copper  Tube 

by 

James  Marcus  Lockhart 
(enclosed  under  separate  cover) 
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PHOTON  COmn’EN  PEEFOPMANCE  ESTIMATES 


The  performance  of  the  photon  counter,  specifically,  the  noise  tempera- 
ture, quantum  efficiency,  and  response  time  are  determined  by  the  cavity  tem- 
perature and  the  relative  rates  at  which  the  electrons  and  the  cavity  walls 
absorb  from  the  radiation  field. 

In  calculating  the  quantum  efficiency  the  cavity  walls  can  be  assumed 
at  0 K.  The  rate  of  absorption  of  radiation  by  the  cavity  walls  is  then 

dE  ii)  _ 

MW 

dt  cavity  Q 
losses  ^ 


where  E is  the  stored  energy  in  the  cavity  and  the  unloaded  cavity  Q. 
Similarly,  electrons  moving  through  the  cavity  will  extract  energy  in  trans- 
itions from  the  n=0  to  n=l  cyclotron  level  at  a rate 

— = _ JiL  E 

dt  cyclotron 
transitions 


where  Q^,  can  be  defined  in  terns  of  the  transition  probability  per  electron 
and  the  average  mmber  .of  electrons  in  the  cavity.  Finally,  the  Q of  the 
coupling  hole  can  be  defined  in  terns  of  the  rate  of  loss  of  energy  through 
the  hole: 

M _ J*L  E 

dt  coupling 
hole 

The  quantxira  efficiency  is  then  the  ratio  of  the  rate  of  absorption 


of  radiation  by  the  electrons  to  the  total  rate  of  absorption  by  the  electrons 
and  cavity  watts: 


-(EW) 


Quantum  Efficiency  = 


1 . 1 


The  quantum  efficiency  approaches  unity  for  ^ photon  counter 

under  construction,  <<  so  that  the  quantum  efficiency  is  approximately 
equal  to  (Q^/Q^). 

The  noise  temperature  can  he  defined  as  the  source  temperature  re- 
quired to  double  the  detector  output  measured  at  zero  source  temperature. 

For  the  photon  counter  this  translates  to  the  source  temperature  required  to 
double  the  energy  of  the  radiation  field  in  the  cavity. 

For  a cavity  and  source  at  radiometric  temperatures  and  T^,  respect- 
ively, and  for  an  electron  distribution  all  of  whose  members  are  in  the  ground 
state.  The  rate  of  transfer  of  energy  to  the  radiation  field  is: 

dt  Qj,  Qy  S C 

At  equilibrium  (dE/dt)  = 0 and  the  equilibrium  energy  is: 


. Si 


where  we  have  assumed  ideal  matching,  e.g.. 


Si  S: 


The  radiometric  noise  temperature,  is  then  given  by 


'’n  1 + (Qc/Qj;) 


The  counting  rate  can  be  expressed  In  terms  of  the  equilibrium  energy 
in  the  radiation  field  (E)  and  the  electronic  Q: 


Counting  Rate  — ~ 

' % 

e -L  L *^s  S? 

' Qj,  h 2 2Q^ 


The  response  time  can  be  defined  as  the  time  required  for  E to  approach 

equilibrium  after  a sudden  change  in  T . The  response  time  is  evidently; 

o 


Response  Time  — 

Si  ^ 


-1 


2u 


assuming  an  ideal  match. 


The  cavity  in  the  detector  \inder  construction  is  resonant  in  the  TE 


Oil 


mode.  The  cavity  is  in  the  form  of  a cylinder  with  a 5 mm  diameter  and  an 

adjustable  top  plate.  The  height  is  5 mm  for  operation  at  X = 3.8  mm  and 

0.:;  mm  for  operation  at  X =1  mm.  The  calculated  Q for  copper  is  10**  at 
3 

3.8  mm  and  2 x 10  at  1 mm  for  room  temperature  operation.  Although  the  0. 
vill  be  limited  by  the  anomalous  skin  effect  a significant  improvement  can 
be  anticipated  at  cryogenic  temperatures. 

The  rate  of  absorption  of  energy  by  the  electrons  can  be  calculated 
from  first  order  perturbation  theory.  The  result  for  the  electronic  Q is: 


0 = 

^ 528n 


2 M 

2 II 


1/2 


TTft 


where  v = cavity  volume  in  m 

f = operating  frequency  in  Hz 


n = mean  number  of  electrons  in  the  cavity 
e 


LI 


-3- 


